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Abstract 
The mechanisms that cause overpressure can be broadly classified into two categories: loading 
and unloading.  This study looks at eight wells from the deepwater Niger Delta; the wells were 
evaluated with three aims in mind. The first aim was to determine shale pore pressure with the 
density log using the equivalent depth approach. The second aim, using depth profiles of density, 
velocity, resistivity, and vertical effective stress, and cross-plots, was to infer the overpressure 
mechanism. The third aim was to validate underbalanced drilling zones identified on the 
pressuredepth plot with indications observed on the drilling report, mudlog, and other post-
drilling data. To discriminate clean shales intervals, a densityvelocity transform based on 
Gardner’s (1974) relationship and GR filters were applied to the well logs. Measured pore 
pressures, log data, temperature data, drilling data, and mudlog data, including the end-of-well-
report, were analysed for selected wells. Based on pressuredepth plots, the top of overpressure 
in the wells lies in the range 500 – 1200 TVDml. The equivalent depth method using the density 
log, when properly calibrated with measured pore pressures, can give reliable pressure prediction 
results, especially in the shallow section at temperatures < 70°. However, in the deeper sections 
at temperatures >75°C, the equivalent depth method is unreliable. It was also noted that shale 
intervals may provide vertical permeability barriers and create pressure compartments in some of 
the wells. The predominant overpressuring mechanism in the shallow section, as evident from 
density and velocity reversals and, was found to be disequilibrium compaction. At greater depths 
(temperatures >75°C), a combination of disequilibrium compaction and unloading mechanisms 
appears to be responsible for overpressure in the wells. Evidence for unloading mechanisms 
includes formation temperatures of 80°C or greater, indications of smectite-to-illite conversion 
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on densitysonic cross-plots, rapid increases in mud weight that sometimes approached fracture 
gradient, and depressed density reversals relative to velocity reversals. Finally, intervals 
identified as being drilled underbalanced on pressure depth plots are consistent with drilling data, 
mudlog data, and information in the end-of-well reports. Specifically, increased gas (connection 
gas and background gas), hole washout, high torque, drilling break, and decreased D-exponent 
trend show strong association with zones of underbalanced drilling on pressuredepth plots.   
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CHAPTER 1 
 Introduction 
1.1 Motivation for Research 
The Niger Delta Basin is located in the Gulf of Guinea; it is the most significant petroleum 
province in Nigeria. The Niger Delta, with a total area covering 300,000 km
2
 and sediment 
thickness up to 10 km (Kulke, 1995; Hospers, 1965; Kaplan et al., 1994; Tuttle et al., 1999) is 
one of the largest regressive deltas in the world. The deepwater Niger Delta is demarcated by 
Charcot fracture into southern and eastern lobes, majority of the wells used in this study are 
located in the eastern lobe. The average oil and condensate production, as at December 2010, 
reported by the Nigeria government agency NNPC, is 2.58 million barrels per day; and this 
number is expected to increase by about 55 % within the next few years. To increase the daily 
production from current level, as being proposed by NNPC, will require opening of new 
exploration frontiers for drilling; especially, the deep and ultra-deep water areas.  
 Drilling in deepwater is a tremendous logistic challenge and expensive. In addition to 
cost and logistics, overpressure within the surface is of great concern to all operators worldwide. 
Penetrating unanticipated overpressured strata or inadequate preparation can lead to serious 
environmental disaster and in some cases fatality. The potential impact of subsurface 
overpressure on the overall success or failure of a drilling campaign underscores the importance 
of this study in deepwater Niger Delta.  
   With regards to pore pressure in the Niger Delta, most studies are done in-house and are 
not in the public domain. However, in their study of offshore and onshore Niger Delta wells, 
Owolabi et al. (1990) applied the equivalent depth method using resistivity and sonic logs and 
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suggested that the main mechanism of overpressure is disequilibrium compaction. In another 
study, Opara & Onuoha (2009) used velocities obtained in 3D seismic data processing to 
conclude that a combination of mechanisms (i.e., disequilibrium compaction, gas generation, 
thermal expansion, and clay diagenesis) contribute to overpressure generation at great depths, in 
particular, where high pressures were observed. Likewise, Cobbold et al. (2009) attributed fluid 
overpressure, seepage forces and the rapid migration of fluid volume in the outer thrust belt of 
the Niger Delta to kerogen transformation and hydrocarbon generation in the Akata Formation, 
which is a chemical compaction process (Swarbrick et al., 2002).  
 The motivation for this study was based on observations by Ikon Geopressure of cases 
where traditional indicators of underbalanced drilling (i.e., cavings and increase background gas) 
were obscured in spite of evidence for underbalanced drilling (UBD) on pressure–depth plots. 
Thirty-six wells from the deepwater Niger Delta were initially screened, based on log quality, for 
inclusion in the study. Some of the wells were precluded from further analysis due to poor data 
and/or lack of well reports. Subsequently, pressuredepth plots were derived for selected wells 
by applying the equivalent depth method to density logs over carefully selected clean shale 
intervals. Also, logs and various cross-plots were used to infer possible mechanisms of 
overpressure. Finally, zones identified with UBD on pressuredepth plots were compared with 
corresponding intervals on drilling, mudlog and end-of -reports (EOWR) for corroboration or 
lack of it.  
 This research has shown that disequilibrium compaction is the dominant mechanism of 
overpressure generation in the shallow section, roughly corresponding to zones with temperature 
<70°C. Although the evidence requires further validation, intervals at greater depths where 
temperatures are >80°C show indications of smectite-to-illite (sm-ill) conversion, which can act 
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as an unloading mechanism of overpressure generation. Also, zones identified with UBD on 
pressuredepth plots were consistent with observations made on drilling and mudlog data. 
 
1.2 Objectives 
The main objectives of the study are: 
1. Estimation of pore pressure using density logs by the equivalent depth method. 
2. Identification of any evidence of sm-ill transformation, and whether it has contributed to 
overpressure. 
3. Identification of UBD zones from pressuredepth plots with supporting evidence from 
drilling and mudlog data. 
 
1.3 Data 
The wells used in this study are from the deepwater area of the Niger Delta Basin in water depths 
ranging from ~600 m to < 2000 m. Two general types of data were used for this project: data 
acquired during drilling of a well, and data prepared or acquired after drilling of a well (i.e., after 
abandonment). The first data type includes wireline logs, logging while drilling (LWD) logs, 
wireline formation tester (WFT) results, mudlogs, and drilling logs. The second group of data 
includes EOWRs, comprising both drilling and geological reports. It should, however, be noted 
that complete sets of data were not available for some wells. For a well to be included in this 
study, at the minimum, it should have acceptable quality of wireline or LWD logs, pressure data, 
and corresponding EOWRs. 
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CHAPTER 2 
Geology and Petroleum System 
2.1 Geology 
There are seven sedimentary basins in Nigeria: Anambra, Benin, Benue, Bida, Borno, Niger 
Delta, and Sokoto (Figure 2.1). However, the Niger Delta Basin is by far the most significant in 
terms of hydrocarbon production with active producing fields and ongoing exploration both 
onshore and offshore. The basin is located in the Gulf of Guinea and fed by the River Niger 
(Doust & Omatsola, 1990; Hooper et al., 2002). The Niger Delta is one of the largest regressive 
deltas in the world, covering an area of 300,000 km
2
 with sediment volume of 500,000 km
3
 and 
sediment thickness of up to 10 km (Kulke, 1995; Hospers, 1965; Kaplan et al., 1994; Tuttle et 
al., 1999). 
In their World Energy Assessment of provinces, the US Geological Survey ranked the 
Niger Delta as the 12
th
 richest province in petroleum resource, based on 2.2% and 1.4% of world 
known oil and gas reserves, respectively (Tuttle et al., 1999). The current average production as 
reported by the Nigeria government agency, NNPC, is 2.58 million barrels per day. Cobbold et 
al. (2009) reported estimates of the region’s ultimate recoverable hydrocarbons at 35 billion 
barrels of oil, 120 tcf of gas (Ekweozor & Daukoru, 1994), and 66 billion barrels of oil 
equivalent (Saugy & Eyer, 2003).   
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2.1.1 Regional tectonics and basin development 
Several authors have discussed in detail the tectonics and basin development of the Gulf of 
Guinea region (e.g., Weber & Daukoru, 1975; Tuttle et al., 1999; Corredor et al., 2005). Here I 
give a broad overview of the regional tectonics and basin development of the Niger Delta. 
 
Figure 2.1.  The sedimentary basins of Nigeria. The Niger Delta Basin is delineated by the 
Cameroon Volcanic Zone, the Dahomey Basin, and the 4000 m (13100 ft) bathymetric contour. 
After Corredor et al. (2005). 
  
Development of the Niger Delta Basin started with the triple-junction rifting that 
separated Africa and South America, beginning in the Late Jurassic and lasting until the mid-
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Cretaceous. The failed arm of the rifting system constitutes the Benue-Abakiliki Trough, which 
bounds the Niger Delta Basin to the north-east (Lehner & De Ruiter, 1977; Tuttle et al., 1999; 
Brownfield & Charpentier, 2006). The others arms, one striking westwards along the south-
western coast of Nigeria and the other striking south-eastwards along the coast of Cameroon, 
developed into the passive continental margins of West Africa (Doust & Omatsola, 1990). Figure 
2.2 shows the positions of the African and South American plates after the Cretaceous break-up.  
Within the region, post-rifting deformation occurred primarily by gravity tectonism, manifested 
in the form of shale mobility deformation (Tuttle et al., 1999). The deformation has been caused, 
firstly, by formation of shale diapirs within the overpressured Akata Formation and, secondly, by 
slope instability due to absence of basinward support for the Akata Formation (Figure 2.3). The 
complex structures that resulted include shale diapirs, roll-over anticlines, collapsed growth fault 
crests, and steeply dipping flank faults (Evamy et al., 1978; Xiao & Suppe, 1992; Tuttle et al., 
1999). Deposition of the Benin Formation, in all of the depocentres, occurred after gravity 
tectonism. 
 Most workers in the Niger Delta Basin are in agreement that the Benue-Abakiliki Trough 
is the oldest pre-Tertiary sedimentary basin in Nigeria. Weber & Daukoru (1975) discussed some 
of the attributes associated with the three different phases of basin development. 
7 
 
 
Figure 2.2.  The Cretaceous break-up of Africa and South America. From Brownfield & 
Charpentier (2006).  
 
 
Figure 2.3.  Schematic dip section of through the Niger Delta Basin in the direction SSW–NNE. 
From Tuttle et al. (1999). 
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 It is well established that the Benue-Abakaliki Trough originated as a failed arm of the 
triple-junction rift system. In the mid-Aptian, the South Atlantic began to open up by crustal 
stretching and downwarping that reached the Gulf of Guinea (GOG) by the early Albian to form 
the Benue-Abakaliki trough in the northeast. By the beginning of the Albian, the Anambra and 
Ikpe platforms had already formed on either side of the Benue-Abakiliki Trough (Figure 2.4a). 
However, before the Benue-Abakaliki Trough began closing with accompanying crestal 
subduction, the trough was filled with over 3300 m of Albian to Coniacian sediments. Though 
uncorroborated by geophysical and stratigraphical evidence, it was suggested by Weber & 
Daukoru (1975) that closure of the trough is related to higher rates of seafloor spreading adjacent 
to northwest Africa relative to the South Atlantic. 
 The Benue-Abakiliki Trough was uplifted by Santonian-Campanian folding to form the 
Abakiliki High (Figure 2.4b), while the same fold downwarped the Anambra Platform to form 
the Anambra Basin (Weber & Daukoru, 1975). Within the same time interval, the Benin flank 
basement immediately to the west of the Anambra Basin was invaded by the sea for the first 
time. By some time from the Late Cretaceous to the Palaeocene, three sedimentary basins, the 
Anambra Basin, the Afikpo Syncline, and undeformed Ikong Trough, were already in existence. 
Development of the proto-delta of Cretaceous age was arrested by a major Palaeocene 
transgression that deposited the Imo Shale. The subsequent regressive phase formed the Eocene–
Recent delta. The essential post-Palaeocene delta tectonic elements include the Anambra Basin, 
Abakiliki High, Afikpo Syncline, Ikang Trough and the contact between continental and oceanic 
crust. The tectonic events influenced the direction of clastic sediment supply and maximum 
sediment thickness. From the Eocene to the middle Miocene, clastic sediment was supplied to 
the Niger Delta complex from the Niger, Benue, and Cross rivers. Therefore, the rate of 
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deposition has been rapid (Weber & Daukoru, 1975), which has implications for overpressure 
generation within the basin. The merging of the Niger-Benue and Cross river delta systems after 
the middle Miocene masked the tectonic features created in the Late Cretaceous; from this time 
onwards the rate of delta spreading has been controlled mainly by erosion of newly uplifted 
hinterland and eustatic changes in sea level. 
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Figure 2.4. Early evolution of the Niger Delta Basin: (a) Albianearly Santonian; and (b) early 
Coniacianearly Eocene. From Weber & Daukoru (1975).  
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2.1.2 Basin structure  
Discussions on the impact of tectonics on the overall basin structure and deformation within the 
sediments of the Niger Delta Basin are ongoing. Based mostly on seismic interpretation, several 
authors have described observations on the structural styles in the outer thrust belt of the basin 
(e.g., Haack et al., 2000; Hooper et al., 2002; Ajakaiye & Bally 2002a, b; Bilotti & Shaw, 2001; 
Corredor et al., 2005a, b; Higgins et al., 2007; Cobbold et al., 2009). Some of the general 
observations made by Cobbold et al. (2009) are: 
1. Thrust wedges generally have small apical angles. 
2. Fore-thrusts and back-thrusts with associated hanging wall anticlines are the predominant 
internal structures. 
3. Planar fault surfaces within the Akata Formation are where detachment occurs. 
4. Development of faults and folds generally occurs sequentially and progresses seawards. 
5. Transfer zones parallel to oceanic transform faults demarcate homogeneous 
compressional domains in the western lobe. 
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Figure 2.5. Western and southern sediment lobes in the offshore Niger Delta Basin, separated by 
shallow oceanic basement along the Charcot Fracture Zone. Also shown are the approximate 
locations of wells in NOW, AIW-NOW, UNE, and AOE fields. From Cobbold et al. (2009).  
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Figure 2.6. Seismic profiles. Top: outer thrust belt, southern lobe of Niger Delta, showing weak 
active folds and thrusts. Dashed lines are fault traces soling out in a sharp detachment within the 
Akata Formation. Solid line marks top of Akata Formation. Bottom: outer thrust belt, western 
lobe of Niger Delta, showing strong active folds and thrusts at the seabed. Dashed lines are fault 
traces, and a sharp detachment has been interpreted at the top of the Akata Formation. From 
Cobbold et al. (2009).  
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 With regard to structural style, Corredor et al. (2005) and Cobbold et al. (2009) are in 
agreement on the role of detachment from the overpressured Akata Formation. In their study, 
Cobbold et al. (2009) compared physical models with the distribution and nature of overpressure 
in the Akata Formation. By comparing seismic structural profiles from southern and western 
lobes (Figure 2.6), they made the observations summarized in Table 2.1.  
 
 Western lobe( WSW-ENE) Southern Lobe (SSW-NNE) 
Sea bed slope  ~1 deg  ~2.5 deg 
Structure  less evenly and closely 
spaced 
 More evenly and 
closely spaced 
Thrust  more back-thrust than 
fore-thrust 
 more fore-thrust than 
back-thrust 
Detachment fault  Near top of Akata Fm  In middle of Akata Fm 
Leading anticlines  still active  not currently active 
Thrust faults  listric over short 
interval 
 listric over longer 
interval 
 
Table 2.1.  Summary comparison of structural characteristics of the western and southern lobes 
of the deep water Niger Delta according to Cobbold et al. (2009). 
  
 Both Corredor et al. (2005) and Cobbold et al. (2009) subdivided the basin into three 
broad tectonic domains, extensional, transitional/translational, and compressional, based on the 
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predominant structures.  However, Corredor et al. (2005) examined high-resolution bathymetric 
images (Figure 2.7) in addition to seismic data, and included a mud-diapir zone, inner fold, and 
thrust belt in their subdivision (Figure 2.8). Table 2.2 summarizes the structural divisions and 
features of the different structural styles within the Niger Delta Basin, as discussed by Corredor 
et al. (2005). 
 
 
Table 2.2. Summarized structure of the Niger Delta Basin based on predominant structural style. 
From Corredor et al. (2005).  
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Figure 2.7. High-resolution bathymetric image of the Niger Delta showing the main structural 
domains. From Corredor et al. (2005).  
 
 
17 
 
 
Figure 2.8. Uninterpreted and interpreted regional seismic profile across the Niger Delta 
showing the main structural features from the extensional province on the shelf to the toe thrust 
systems in the deep water. The inner and outer fold and thrust belts are separated by a zone of 
little or no deformation. From Corredor et al. (2005). 
  
In short, the structure in the Niger Delta Basin is largely influenced by instability induced 
by overpressure, the ductility of the Akata Formation shale, and slope instability (Doust & 
Omatsola, 1990; Corredor et al., 2005; Cobbold et al., 2009). The predominant tectonics in the 
basin is related to extensional deformation in the sedimentary fill, clearly evident in the paralic 
Agbada Formation as extensional faulting. Structures related to compressional and wrench 
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movements are observable in the inner fold thrust belt, transitional fold zone, and the outer fold 
thrust belt of the deep water Niger Delta. The structure in the Akata Formation is obscure while 
the Benin Formation was deposited after cessation of most tectonic activity (Doust & Omatsola, 
1990). The low density obtained from gravity modelling of Akata Formation may be indicative 
of presence of salt and/or undercompacted shales (Jacques et al., 2003 cited in Cobbold et al., 
2009). However, the very low seismic velocities observed in Akata Formation suggests that salt 
is absent (Morgan, 2003 cited in Cobbold et al., 2009). 
 
2.1.3 Stratigraphy and sedimentology 
The Niger Delta is the world’s largest regressive delta and comprises a series of offlap cycles of 
sediments (e.g., Doust & Omatsola, 1990; Kulke, 1996). The stratigraphy and sedimentology of 
the Niger Delta, like other major deltas, is a function of the rate of sediment supply and basin 
tectonics. Several workers (e.g., Short & Stauble, 1967; Weber & Daukoru, 1975; Doust & 
Omatsola, 1989) have extensively discussed the interplay of these two factors as it relates to the 
Niger Delta stratigraphy, sedimentology, and structure.  
 Three major depositional cycles have been documented in the Niger Delta Basin (Short & 
Stauble, 1967). Firstly, during the Early Cretaceous, a marine incursion covered the whole basin, 
and was terminated by weak folding in the Santonian. Secondly, the depositional cycle that 
created the proto-Niger delta during the Late Cretaceous terminated in a major Palaeocene 
marine transgression. The third depositional cycle has been ongoing since the Eocene, and is 
responsible for the southward growth of the main Niger Delta.  
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 The Cenozoic strata in the Niger Delta area comprise three main formations (Figure 2.9). 
The base sequence, the Akata Formation, is up to 7000 m thick in the central part of the basin, 
and is a delta-front, deep marine deposit that mainly consists of a thick marine shale and clay 
with a rather silty base. It contains thin sand bodies of continental slope, channel-fill, and 
turbiditic origin.  The shale forms diapirs offshore that are considered to be Palaeocene to 
Holocene in age (Doust & Omatsola, 1990). The Akata Formation is organic-rich and is 
generally accepted to be the main source rock in the Niger Delta area. 
Overlying the Akata Formation is a paralic sequence of up to 3000 m thickness, the 
Agbada Formation, which comprises intercalated shallow marine fluvial sands, silts and clays. 
These are delta front, delta topset, fluvio-deltaic deposits, ranging in age from Eocene to 
Pleistocene, and contain both reservoir and caprocks (Doust & Omatsola, 1990). Though still 
quite controversial, Short & Stauble (1967), Frankl & Cordry (1967) and Lambert-Aikhionbare 
& Ibe (1984) have all suggested that the Agbada Formation may contain source rocks. The 
criteria for delineating the top and bottom of the Agbada Formation can be ambiguous and in 
practice vary from one company to another. Doust & Omatsola (1990) suggested the practice of 
picking the top on wireline logs as the base of fresh water invasion, and the bottom 
corresponding to the onset of hard overpressure during drilling. Using cuttings from wells, Doust 
& Omatsola (1990) pointed out that the Agbada Formation is sandier in the upper section than 
the lower section, may be consolidated to unconsolidated, and is generally poorly sorted with 
lignite streaks, shell fragments, and glauconite. 
The topmost sequence of massive non-marine sand is the Benin Formation. In the central 
part of the basin, it has a maximum thickness of about 2100 m, and thins seawards to disappear 
near the shelf edge. The oldest sediments of the Benin Formation are thought to be Oligocene in 
20 
 
age, and generally lack fauna (Doust & Omatsola, 1990). As pointed out by Doust & Omatsola 
(1990), these alluvial, coastal plain deposits contain insignificant quantities of hydrocarbon, but 
are of great hydrogeological interest.  
 
Figure 2.9. Schematic of the regional stratigraphy in the Niger Delta showing the main 
stratigraphic units in the outer fold and thrust belt. From Corredor et al. (2005).  
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Figure 2.10.  Schematic structural section through the axial portion of the Niger Delta showing 
the tripartite division of the Tertiary sequence in relation to the basement. From Doust & 
Omatsola (1990).  
 
2.2 Petroleum system 
There are two aspects to a petroleum system: firstly, the source rock and the characteristics of the 
hydrocarbons it contains; and, secondly, the timing of hydrocarbon generation, the development 
of traps, and lateral and vertical migration of hydrocarbons (e.g., Demaison & Huizinga, 1991; 
Haack et al., 2000).  Tuttle at al. (1999) recognized one petroleum system in the Niger Delta, in 
the Tertiary strata. In contrast, Haack et al. (2000) identified three petroleum systems in Nigeria 
in the light of new geochemical, gravity and magnetic data, and structural analysis. What is 
presented here is a summary of the three systems based on Haack et al. (2000).  
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2.2.1 Lower Cretaceous (lacustrine) petroleum system 
To support their position regarding the lacustrine petroleum system, Haack et al. (2000) reported 
that the source rock of Neocomian age encountered in the Ise-2 well in the western lobe of the 
Niger Delta, which is rich in the lacustrine alga Botryococcus, correlates to biodegraded oil seeps 
found in the northern flank of the Dahomey Embayment. Oil derived from the lacustrine 
Bucomazi source rock of Cretaceous age in the Lower Congo Basin shows geochemical finger 
prints similar to those of the source rock from Ise-2 well, and biodegraded oil seeps from the 
Dahomey Embayment. It should be pointed out, though, that Haack et al. (2000) cited mostly 
verbal communications as their sources.  Figure 2.10 shows the approximate areal extent of this 
system. Geochemical data from Ise-2 indicates that this system may have source potential of up 
to 5.24 tonnes HC/m
2
 rock, and this system may also possibly extend into the Benue Trough 
(Haack et al., 2000). 
 
2.2.2 Upper Cretaceous-lower Palaeocene (marine) petroleum system 
Evidence in support of this system draws heavily on the Epiya-1 well (Figure 2.11). 
Geochemical analysis of source rock from the Epiya-1 well indicates that it is rich in types II and 
II-III kerogen. Along the north-western margin of the delta, this same source rock is seen in 
marine Araromi, Awgu, and Imo shales. This same system is also thought to be the source rock 
for the Palaeogene reservoir of the Shango-1 well, according to Haack et al. (2000) who cited a 
personal communication with K.E. Peters in 1993. 
Based on the Epiya-1 well, the source potential of this system is estimated at 10.5 tonnes 
HC/m
2
 of rock. According to Haack et al. (2000), citing Demaison & Huizinga (1991), this 
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number is sufficient to provide hydrocarbon charge for a vertically drained basin. According to 
Haack et al. (2000), Dahl (1991) suggested that oil from this system has been found in the 
Anambra Basin and produced from the Seme Field. This system has been identified in outcrop 
along the eastern margin of the Niger Delta (Inyang et al., 1995), and has been penetrated also in 
the subsurface (Adakomola, 1992; in Haack et al., 2001). Unlike some other parts of Western 
Africa, no significant accumulation from this system is present in the Niger Delta region.  
 
2.2.3 Tertiary (deltaic) petroleum system 
Geochemical data have been used to differentiate the source rock for the Tertiary system into 
gas-prone or oil-prone. Using samples from Aroh-2 well, Haack et al. (2000) indicated that oil-
prone and gas-prone source rocks occur on the up-thrown sides of normal faults, while the 
amount of source rock containing richer, oil-prone type II kerogen increases with depth. This oil-
prone source rock has been found to be closely related to liquid hydrocarbons produced from the 
Niger Delta. To date, few or possible no wells in the Niger Delta have penetrated this oil-prone 
source rock due to its great depth. Information on the source rock trend within the delta has been 
inferred mainly by geochemical analysis of produced hydrocarbons.  The estimated potential for 
this deltaic source rock is about 27 tonnes HC/m
2
, although Haack et al. (2000) suggested that 
this estimate errs on the high side due to the contribution from the overlying gas-prone section.  
 Based on fossils found in the deeper and richer source rock in the Aroh-2 well, Haack et 
al. (2000) suggested the depositional environment to be outer neritic to bathyal. Oil and gas 
distribution across the delta is quite complex.  The distribution complexity has been attributed to 
variation in source facies, and difference in maturity due to variations in geothermal gradient and 
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burial (Haack et al., 2000). Some workers have suggested that long-distance lateral migration of 
hydrocarbons across major faults is very unlikely in this system (Weber & Daukoru, 1975; 
Evamy et al., 1978; Damaison & Huizinga, 1991; Haack et al., 2000). This is because of 
extensive normal faulting, with the growth faults acting as migration pathways for hydrocarbons, 
thus making the delta a classic example of a vertically drained petroleum system (Weber & 
Dakoru, 1975; Evamy et. al., 1978; Demaison & Huizinga, 1991; Peters & Moldowan, 1993; 
Haack et. al., 2000).  The traps in this system are mostly structural, though some large 
stratigraphic traps are present as well.  
 
 
Figure 2.11.  Map showing the Lower Cretaceous petroleum system and the location of the 
Nigerian tar sands on the northern flank of the Dahomey Embayment. From Haack et al. (2000).  
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Figure 2.12.  Map showing the Upper Cretaceous–lower Palaeocene petroleum system.  From 
Haack et al. (2000).  
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Figure 2.13.  Map showing the Tertiary deltaic petroleum system. From Haack et al. (2000).  
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CHAPTER 3 
 Theoretical Background 
 
This chapter provides background information pertaining to overpressure, underbalanced drilling 
and, to a lesser extent, drilling operations in general. Conscious effort is made to use definitions 
and explanations most widely accepted and in common usage among professionals within the oil 
and gas industry. The chapter begins with basic terminology commonly used by pore-pressure 
professionals (section 3.1). Section 3.2 is an overview of current understanding of mechanisms 
that generate overpressure in the subsurface. This is followed, in sections 3.3 examples of 
overpressure from around the world. Section 3.4 deals with aspects of overpressure in the 
subsurface, and commonly used overpressure estimation and detection methods are described in 
section 3.5. 
 
3.1 Basic terminology 
Figure 3.1 is used here to illustrate basic terminologies commonly used in subsurface pressure 
estimation and measurements. 
Hydrostatic pressure 
The hydrostatic pressure is the pressure exerted by static column of fluid at a reference depth. It 
is dependent on the density of the formation fluid, usually water or brine, and the true vertical 
height of the column of fluid. In reality, atmospheric pressure contributes to the hydrostatic  
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Figure 3.1. Schematic pressure–depth plot with illustration of typical terminologies used in pore 
pressure work.  
pressure, but since its value is small, it is often neglected without introducing significant error. 
Hydrostatic pressure is thus calculated using equation 3.1: 
Ph = ρ g H           (3.1) 
where Ph = hydrostatic pressure, ρ = average density of fluid, g = acceleration due to gravity, and 
H = vertical height of water column. It may also be expressed as the rate of change of hydrostatic 
pressure with depth, i.e., the hydrostatic pressure gradient as in equation 3.2: 
dPh / dH = ρ g          (3.2) 
For this project, a water density value of 1.025 g/cc (0.433 psi/ft) was used as the average 
formation water density.   
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Overburden pressure 
The overburden pressure (OVB), also commonly referred to as overburden, lithostatic or vertical 
stress, is the pressure exerted at a particular depth by the weight of overlying sediments including 
the fluid it contains. In general, when density data are unavailable or unreliable, an overburden 
gradient of 1 psi/ft is often used as the default. But when data are available, a more realistic 
evaluation based on lithology and density coupled with knowledge of local geology is preferable. 
For OVB estimation in this project, the density at mudline varies over the range 1.45–1.75 g/cc. 
In contrast, bottom-hole densities vary over the range 2.5–2.85 g/cc. The low density values at 
mudline are based on the limited data available from the shallow sections of wells. Calculated 
OVB gradient values for this project range from 0.8 to 0.9 psi/ft. The greatest challenges with 
OVB evaluation are any large gaps in the data and extrapolation of density data from below in 
the shallow section of the well where density was not logged. 
 The overburden stress, Sv, is estimated by using the relationship: 
Sv = ρb Z          (3.3) 
where ρb = formation average bulk density and Z = vertical thickness of the overlying sediment. 
The bulk density is the density of the entire rock, that is, the matrix and the fluid within the 
pores. This relationship is expressed as: 
ρb = ρm (1–φ) + ρfφ         (3.4) 
where  φ = porosity expressed as a fraction, ρf = formation fluid density, and ρm = formation 
matrix density. 
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Pore pressure  
This is the pressure exerted by the fluid contained in the pore spaces of the rock, and also known 
as the formation pressure. Pore pressure can be estimated indirectly by comparing expected 
(normal) and actual density, neutron, resistivity, or sonic responses from wireline logs. However, 
direct measurements can only be obtained in permeable rocks with wireline formation testing 
(WFT) and sampling tools, e.g., XPT, MDT, RCI, RDT, and DST. Measurement of pressure in 
impermeable beds, such as mudrocks, can only be inferred through pressure measurements 
within adjacent permeable beds or from indirect indications such as mud weight, cavings, gas, or 
rate of penetration (ROP) during the drilling operation.  
Normal hydrostatic formation pressure 
When the pore pressure profile equates to the hydrostatic pressure profile (Figure 3.1), the pore 
pressure is referred to as normal formation pressure. Abnormal formation pressure refers to 
formation pressure that is higher (overpressure) or lower (underpressure) than hydrostatic 
pressure. 
Overpressure 
When the formation pressure, Pp, exceeds the hydrostatic pressure at the same depth, the 
formation is said to be overpressured, and the overpressure, OP, equals the excess pressure: 
OP = Pp – Ph          (3.5) 
During predrill planning, zones with overpressure must be identified and adequate preparations 
should be made to drill through such zones efficiently. To achieve such safe and efficient drilling 
requires meticulous predrill planning, drilling practice and procedure, and surveillance while 
drilling. When the mud-weight is not adequate while drilling through a zone, this is usually 
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manifested on the mudlog in the form of: increased background gas, excessive cavings arriving 
at the shale shaker, increased mud tank volume, increased bit torque, and overpull during trip.  
Underpressure 
A zone is underpressured if the formation pressure is less than hydrostatic pressure at the same 
depth. It may be caused by pressure depletion in reservoirs under production (Figure 3.2).  
 
Figure 3.2. Example of underpressure due to reservoir depletion. Wells A, B, C, and D have 
been in production for some time, and without pressure maintenance (i.e., no injectors). New 
wells drilled into the same reservoir, such as well G, will be underpressured.  
Vertical effective stress 
The vertical effective stress, σv, is the difference between the overburden stress and the formation 
pressure. It cannot be measured directly, but it can be estimated using Terzaghi’s equation: 
σv = Sv – Pp          (3.6) 
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Minimum horizontal stress 
The brown dashed line in Figure 3.1 is the depth profile of the minimum horizontal stress, Sh, 
which is measured during a leak-off-test (LOT) below the casing shoe after drilling each section 
of hole (Mouchet & Mitchell, 1989). It is estimated as the minimum mud pressure required to 
hold open fractures in the formation. There is usually an interval of open hole of 3–5 m depth 
below the casing shoe in a compacted formation, and the LOT is run in this section of the hole to 
select a suitable mud weight for drilling the next section. The well is shut in and drilling mud is 
pumped into the well, with increasing pressure on the well bore. The pressure increase with time 
is monitored as shown in Figure 3.3. Point B is the fracture pressure, i.e., the pressure at which 
mud invades the formation – hence the drop in pressure. The leak-off pressure (LOP) obtained 
during an LOT indicates the maximum mud weight that can safely be used for drilling the next 
section of hole without tensile failure in the formation. 
 
 
Figure 3.3. Example of LOT pressure–time profile. After Mouchet & Mitchell (1989).  
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A similar test to the LOT is the formation integrity test (FIT). The procedure and purpose 
is similar to the LOT, except that during the FIT the mud weight or pressure is increased to a 
predetermined value, without causing the formation to leak off, or fracture. 
There are empirical methods suggested in the literature on how to estimate the minimum 
horizontal stress. In their survey of drilling engineers working for major operating companies, 
Yoshida et al. (1996) concluded that the methods due to Matthews & Kelly (1967), Eaton (1975), 
and Daines (1982) are the most popular, of which Eaton’s method and then the method of 
Matthews and Kelly (1967) are the most widely used. In a similar study of deepwater Niger 
Delta wells, Ajienka et al. (2009) concluded that the method due to Matthews & Kelly (1967) is 
the most reliable method for fracture gradient estimation.  
Maximum horizontal stress  
The maximum horizontal stress, SH, also cannot be measured directly during the drilling of a 
well, although it can be inferred from borehole breakouts seen on image logs or caliper logs, 
provided the caliper has four arms or more.  In a tectonically active basin, knowledge of SH is 
highly desirable in order to accurately determine the mean stress, and hence obtain a better 
estimate of pore pressure in tectonically active settings through estimating mean effective stress 
from porosity logs (Goulty, 2004). Several methods have been reported in the literature for 
estimation of SH. For example, Bolas & Hermanrud (2002) reported methods using anelastic 
strain recovery, fracturing of intervals between packers, and calculations based on LOTs. A 
complete review is outside the scope of current study. 
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Supercharging 
Supercharging is usually manifested as a very high pressure value in a dataset of WFT 
measurements. It is liable to occur in low permeability or tight zones, where drilling mud has 
been forced into the formation during drilling.  
 
3.2 Overpressure generating mechanisms 
In one of the earliest studies in the Gulf of Mexico (GOM), Dickinson (1953) described 
overpressure as incomplete dewatering. The term disequilibrium compaction, or compaction 
disequilibrium, has since been coined for Dickinson’s mechanism, which is still thought to be the 
most common mechanism of overpressure generation in young, rapidly buried sequences of 
mud-rich sediment at depths down to ~2 km. Diverse additional mechanisms of overpressure 
generation have since been suggested, both for the GOM and for other basins around the world. 
Notwithstanding all the current debate on the magnitude of the various mechanisms, a driller 
should be aware that the additive contributions from the various mechanisms can make the 
difference between a successful and a catastrophic drilling operation. 
Current thoughts on overpressure generation mechanisms can be classified into two main 
categories: firstly, loading mechanisms, which are related to stress; and secondly, fluid 
expansion mechanisms (Swarbrick et al., 2002). Another cause of overpressure in hydrocarbon 
accumulations is hydrocarbon buoyancy. 
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3.2.1 Loading mechanisms 
If pore fluid cannot escape fast enough to stay in hydrostatic equilibrium as increasing 
compressive stress is applied, overpressure is generated. Increasing overburden stress as 
sediment is buried can cause overpressure by disequilibrium compaction. The other loading 
mechanism that may generate overpressure is increasing tectonic stress, which acts in the 
horizontal plane assuming that the vertical stress is a principal stress. 
Disequilibrium compaction 
This mechanism of overpressure generation is most common in Neogene and Quaternary basins 
with rapid sedimentation rates and low permeability sediment. In older basins, due to the 
transient nature of pressure, overpressure can only be preserved in thick, low permeability rocks, 
because excess pressure dissipates with time (Swarbrick & Osborne, 1998; 2002). During 
deposition in young basins, the weight of overlying sediment compacts and expels fluid from 
underlying, previously deposited sediments. However, if pore fluid is not expelled rapidly 
enough for the pore pressure to remain hydrostatic, the overburden becomes increasingly 
supported by the pore fluid, causing increased pore fluid pressure. In these circumstances, the 
sediment has higher porosity (lesser compaction) than it otherwise would have had at the same 
depth or interval. Using examples from Jurassic shales offshore mid-Norway and Miocene shales 
in the Lower Kutai Basin, Goulty et al. (2012) contend that disequilibrium compaction is only 
effective to depths where the temperature reaches ~100°C, below which chemical compaction 
takes place, largely independent of effective stress.   
 In such a system, with no lateral drainage, the velocity of expelled fluid relative to the 
matrix is governed by Darcy’s equation: 
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V = – (k ρf g/μ ) d(OP)/dz         (3.7) 
where k = sediment permeability, μ = viscosity of pore water; and d(OP)/dz = overpressure 
gradient. 
Tectonic compressive stress 
This mechanism is similar to the process responsible for generating overpressure by 
disequilibrium compaction, but in this case the loading is by additional horizontal compressive 
stress caused by tectonics. Examples are found in geologically younger regions of the Earth’s 
crust, e.g., Rocky Mountains, USA; mountain chains in Indonesia (Agip manual, 1980).  
 
3.2.2 Unloading mechanisms 
Unloading refers to a decrease in effective stress, either by a reduction in confining stress or by 
an increase in pore pressure. Confining stress is reduced by exhumation, and if fluid escape is 
restricted, overpressure may result. Other unloading mechanisms may be categorized as fluid 
expansion mechanisms, where the rock matrix restricts expansion of incoming fluid or an 
internal increase in fluid volume. Examples in this category include hydrocarbon generation, the 
cracking of oil and bitumen to gas, clay diagenesis, and aquathermal expansion (e.g., Bowers, 
1995; Swarbrick & Osborne, 1998; Swarbrick et al., 2002). 
Hydrocarbon generation (kerogen maturation) 
The kinetics of this reaction is highly dependent on time and temperature (Swarbrick et al., 1998, 
2002). Kerogen maturation contributes to overpressure by creation of lower density fluid from 
higher density kerogen. Unless sufficient fluid is expelled, the porosity and will not be consistent 
with the expected amount of compaction at a given depth. Conversion of kerogen to lighter 
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hydrocarbon is expected to occur at depths of 2–4 km and temperatures of 70–120°C (Tissot et 
al., 1987).  
For example, the action of bacterial at shallow depth on organic material can produce 
biogenic methane. If such methane is generated within a closed system, it will increase the pore 
pressure. If the presence of such methane at shallow depth is not anticipated when drilling, the 
result can be catastrophic, especially in offshore drilling where blow-out preventers (BOPs) are 
absent when drilling the shallow section. High resolution seismic data can reveal shallow gas 
hazards predrill (Mouchet & Mitchell, 1989). 
Cracking of oil and bitumen to gas 
Another process related to hydrocarbon generation that is highly dependent on depth and 
temperature is thermochemical cracking. This involves the transforming of a heavier product to a 
lighter one, and transformation reaches a maximum at ~100°C (e.g., Mouchet & Mitchell, 1989). 
Barker (1990) suggested that conversion of oil/bitumen to gas occurs at depths of 3.0–3.5 km 
and temperatures of 90–150°C.  
Clay diagenesis 
Water is released during smectite dehydration and by the transformation of smectite to illite. 
Smectite dehydration occurs with release of water in pulses (Power, 1969; Burst, 1969). 
According to Swarbrick et al. (1998; 2002), the amount of water generated from the process is 
minimal and cannot generate significant overpressure. Furthermore, Colton-Bradley (1987) 
noted that overpressure slows the dehydration process.  
 However, Lahann (2002) and Lahann & Swarbrick (2011) have argued that sm-ill 
transformation involves ‘framework weakening’, by which they mean that the illitized mudrock 
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compacts to a lower porosity for a given effective stress state. Thus the mudrock tends to 
compact on sm-ill transformation, provided excess pore water can be expelled. Where expulsion 
of water is inhibited by low permeability, overpressure can develop. Water is also released 
during transformation of kaolinite to illite (Bjørlykke, 1998), and presumably can contribute to 
overpressure as for sm-ill transformation (Lahann  & Swarbrick, 2011). 
Conversion of smectite to illite requires the presence of potassium and may commence at 
temperatures of 65–70°C (Freed & Peacor, 1989). Bredehoeft et al. (1988), in Swarbrick el al. 
(2002) observed no change in the smectite–illite ratio in overpressured strata in the Caspian Sea 
Basin, at 6 km depth and a temperature of  96°C. This observation may be due to absence and/or 
low concentration of potassium.  
Aquathermal expansion 
Barker (1972) suggested that thermal expansion of pore water causes increase in pore pressure. 
The concept is based on the fact that water expands when heated, and if this happens in a closed 
system it will generate additional pressure. A major weakness with aquathermal expansion as a 
cause of overpressure is that it requires a system with a near-perfect seal to be effective, a 
condition that is near to impossible (Daines, 1982; Luo & Vasseur, 1992). Other objections 
include the association between temperature increase and reduced viscosity, and hence increased 
ease of fluid expulsion, and the fact that transitions into hard overpressure show evidence of 
some permeability (Mouchet & Mitchell, 1989).  
Other mechanisms 
There are other mechanisms of overpressure generation, generally considered to be of secondary 
importance: osmosis, hydraulic head, and density contrast. 
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Osmosis is due to large differences in formation salinity, causing fluid to flow across a 
semi-permeable membrane layer from a region of low concentration to high concentration. If the 
separating layers are not a semi-permeable membrane, or if they are fractured, osmotic flow will 
not occur. It is believed that the contribution from this process is minimal, and at most of local 
importance.  
 Hydraulic head contributes to overpressure where water-bearing porous rock, encased by 
impermeable rock, crops out at a higher altitude than the rig site.  
Where an interval is hydrocarbon-bearing, the pore pressure is higher due to the 
buoyancy effect of oil and/or gas. Because gas density is less than oil density; for the same 
column height, buoyancy overpressure due to gas is higher than that for oil.  
 
3.3 Worldwide examples of overpressure 
Overpressure, though more common in young sedimentary basins, has been reported in virtually 
all sedimentary basins worldwide (Figure 3.4) and can occur in all lithologic types and 
formations of all ages. For example, cases of overpressure have been reported in the GOM, USA 
(e.g., Dickinson, 1930; Mello & Karner, 1996; Bowers, 2001); Wyoming Basin, USA (Evers et 
al., 1983); Niger Delta, onshore (Onuoha et al., 2009); Niger Delta, offshore (Swarbrick et al., 
2011); Baram Delta, Brunei (Tingay et al., 2008); Taranaki Basin, New Zealand (Webster et al., 
2010); Central Graben, UK North Sea (Daniel, 2000); and the Kutai Basin Indonesia (Ramdhan 
& Goulty, 2010). Due to lack of data and drilling activity, not much is known regarding 
overpressure in the Greenland and Antarctica areas (Mouchet and Mitchell, 1989). 
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Prior to drilling operations, it is pertinent to recognize the various overpressure 
mechanisms within the system. For example, Daniel (2001), Bowers (2001) and Katahara (2003) 
all suggested that overpressure calculation should take into account the mechanism of 
overpressure and this should inform the choice and/or modification of method. 
Examples of basins where disequilibrium compaction is the predominant mechanism of 
overpressure include the US Gulf Coast (Dickinson, 1953; Pennebaker, 1968) and the Baram 
Basin (Tingay et al., 2009). Goulty (2012) noted that although the most commonly cited cause of 
overpressure is disequilibrium compaction, it is only a plausible explanation of overpressure 
down to depths of 2–4 km. At greater depths, mudrocks are in the chemical compaction regime 
where porosity generally decreases independently of effective stress, in association with ongoing 
chemical compaction. 
 
Figure 3.4. Map showing basins where overpressure has been reported. From Ramdhan et al. 
(2011).  
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3.4 Overpressure characteristics 
As described in Section 3.2, the main mechanisms responsible for overpressure can be divided 
into two categories: loading by burial or tectonic compressive stress, leading to overpressure 
generation by disequilibrium compaction; and unloading processes that reduce the effective 
stress acting on the sediment, such as clay mineral transformations, gas generation, and lateral 
transfer (Swarbrick et al., 2002; Lahann & Swarbrick, 2011). The two categories of 
overpressure-generating mechanisms cause different characteristic trends in wireline logs and 
cross-plots. This section is a review of the common plots that can be used to infer whether 
overpressure is caused by loading and/or unloading mechanisms. 
During burial, compaction of sediment proceeds rapidly at first, with decreasing porosity 
and increasing resistivity, density, and sonic velocity. As depth increases, the rate of compaction 
reduces. The “normal compaction trend” for any porosity log means the compaction trend when 
the pore pressure is hydrostatic and may be influenced by clay mineral transformations in 
addition to mechanical compaction processes (e.g., Dutta, 1987 cited  in Bowers, 2001; Lahann, 
1998). If a deviation from the normal compaction trend towards higher porosity occurs, that is an 
indication of undercompaction (Figure 3.5). There may also be apparent deviations from the 
normal compaction trend due to differences in lithology 
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Figure 3.5.  Schematic of density, velocity and resistivity vs. depth showing trend reversal.  
 
In the case of unloading, overpressure is created as a result of fluid expansion or 
reduction of porosity. The pore pressure can increase at a much faster rate than the overburden, 
leading to decrease in effective stress as depth increases which commonly manifests as velocity 
reversal (Bowers, 2001). Katahara (2003) noted that, in unloading, significant decrease in 
sediment velocity is typically associated with large decrease in effective stress, but density is 
insensitive. In other words, unloading causes little or no change in density, whereas there is a 
significant reversal in velocity, and also in resistivity. 
Bowers (1995, 2001), Katahara (2003) and Ramdhan & Goulty (2010) have used similar 
plots of depth against porosity, density, sonic velocity, and resistivity to infer the presence of 
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overpressure due to unloading. In Figure 3.6, both velocity and resistivity show obvious 
reversals, but minor or no change is noticeable on the density plot. This observation has been 
attributed by Bowers & Katsube (2002) to the nature and behaviour of storage and connecting 
pores of mudrock under the influence of stress. They pointed out that connecting pores have low 
aspect ratios and are mechanically flexible, whereas storage pores have higher aspect ratios and 
are relatively stiff (Figure 3.7). Sediment porosity is overwhelmingly in the form of storage 
pores, so the behaviour of storage pores dominates the bulk density log response. Opening of 
connecting pores has negligible influence on the bulk density, but does affect the sonic and 
electrical properties. It therefore follows that in fluid expansion or unloading, the density log 
response will be absent or minimal, while the sonic and resistivity logs should show significant 
responses. 
Four useful plots for diagnosing overpressure and its causes are given below. 
 
Figure 3.6. Example of reversals in resistivity (red) and sonic (blue) in a thick mudrock 
succession, but no reversal in density (green). After Katahara (2003).  
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Figure 3.7. Model used to explain observed reversal in velocity and resistivity but no reversal in 
density when unloading is present. During unloading, high aspect ratio pores will not recover but 
low aspect ratio pores will recover and show as low velocity and resistivity. After Bowers & 
Katsube (2001).  
 
Vertical effective stress–depth 
As noted by Bowers (1995, 1998, 2001), Alberty et al. (2003) and Katahara (2003, 2006), a 
decrease in σv with depth is an indication of unloading. In contrast, Bowers (1995) pointed out 
that disequilibrium compaction does not cause σv to decrease with depth, nor does it cause a 
reversal in the sonic log, for example. 
 
Sonic velocity–vertical effective stress 
Borrowing from soil science terminology, Bowers generated a “virgin” curve from GoM data. 
This is a curve depicting sonic velocity, Vp, as a function of σv for a normal or undercompacted 
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formation. It implies that at great depth, when the rock is fully compacted, Vp approaches the 
sonic velocity in the rock matrix. However, if the mudrock is unloaded, Vp follows a higher trend 
for given values of σv and plots above the virgin curve (Figure 3.8). In other words, not all of the 
porosity lost or density increase that occurred during loading is recoverable when sediment is 
unloaded. Lahann (2001) used a similar plot to distinguish between loaded and unloaded 
intervals (Figure 3.9). It has also been pointed out (e.g., Bowers, 1995; Katahara, 2003, 2006) 
that the unloading curve is not a single fixed curve above the virgin curve. In fact, its position 
above the virgin curve depends on the maximum effective stress experienced by the mudrock. 
 
 
Figure 3.8. Plot of sonic velocity against vertical effective stress showing shale compaction and 
unloading trends. From Bowers (2001).  
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Figure 3.9. Plots of velocity against vertical effective stress for two wells, A and B, with density 
also plotted against vertical effective stress for well A. Well A has no unloaded interval; well B 
has an interval with unloading. Note that there are reversals in effective stress in both wells, but 
in well B the deeper section that is unloaded has a different trend from the shallow section. In 
well A, velocity tracks a single trend in both shallow and deep sections. From Lahann (2001).  
 
Density–vertical effective stress 
Lahann (2001) inferred sm-ill conversion with unloading by cross-plotting  density and vertical 
effective stress. Figure 3.10 shows that intervals with smectite, and illitized shales (with loading) 
show a trend of increasing density with VES (a proxy for depth). Whereas, illitized shales with 
unloading shows VES reversal with constant or slight increase in density.  
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Figure 3.10. Plot of density against vertical effective stress showing shale responses during 
illitization in loading and unloading zones. The red figures are the expandability of I-S layers, in 
per cent, determined from XRD analysis. From Lahann (2001). 
 
Rho – p-Sonic 
The cross-plot of density against sonic velocity or transit time has been used to identify smectite 
to illite transformation in a system (e.g., Bowers, 1995, 1998, 2001, 2002; Lahann, 2001; Alberty 
& McLean, 2003; Katahara, 2003, 2006). The basic idea here is that smectite-rich shale plots on 
the green line and as the illite fraction increases the trend moves onto the red line (Figure 3.11).  
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Figures 3.11. Density–sonic cross-plot. As the illite fraction increases at the expense of the 
smectite fraction, the compaction trend moves to higher density for fixed sonic transit time, or 
higher sonic transit time for fixed density. From Katahara (2003).  
 
3.5 Overpressure estimation methods 
This section deals with aspects of three methods used in overpressure estimation: firstly, the 
quantitative methods of pore pressure estimation, especially the equivalent depth method, 
Eaton’s (1975) method, and Bowers’ (1995) method; direct measurements of pore pressure using 
wireline formation testing tools (WFT), e.g., MDT, RCI, RDT, and XFT; and thirdly, methods 
used during drilling operations to detect overpressure, e.g., ROP, gas, cuttings/cavings, drag and 
torque, and drilling exponent, D.  
 Quantitative methods of pressure estimation from wireline logs require the establishment 
of a normal compaction trend (NCT) for each log type as an input in the workflow. The NCT 
should be established in the cleanest possible shale intervals. Shale pressure prediction is based 
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on the assumption that shale pressure is at equilibrium with pressure in the adjoining sand 
interval, an assumption that is not always true. What follows in the next couple of paragraphs is 
the theoretical bases for using NCTs in pore pressure prediction or estimation. 
Sediment compaction is a function of mean effective stress and differential stress 
(Goulty, 2004), but traditional methods have generally been applied on the assumption that 
porosity is a function of vertical effective stress. The establishment of a NCT for any log type 
that is sensitive to porosity is based on the expectation of linear, exponential, logarithmic, or 
power-law functional relationship in the mudrock as a function of depth. For example, NCTs 
may be determined for density, sonic velocity or transit time, and resistivity as functions of 
depth.  
An effort should be made to pick the cleanest shales for analysis by using, for example, 
the gamma-ray log response with one or more thresholds. (Matthews, 2004) cautioned against 
being excessively aggressive in choosing clean shale, and thereby limiting data density. 
Ramdhan & Goulty (2010, 2011) preferred to use neutron and density logs in combination to 
identify clean shales, with NPHI – DPHI >18% as their cut-off threshold. In this study, 
Gardner’s (1974) shale–sand line crossplot and carefully selected threshold values for the 
gamma-log response, in API, have been used to select clean shale intervals. Bowers (2001) 
indicated that Gardner’s shale line works well for shale density greater than 2.1 g/cc, but will 
generally overestimate shale density close to mudline. He therefore suggested a lower bound 
shale line to be used in conjunction with Gardner’s upper bound trend. Gardner’s shale-line 
velocity–density relationship is 
Vp = (ρb/0.23)
4
                  (3.9) 
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where Vp is the velocity in ft/s and the units of bulk density are g/cc. With the same units for 
velocity and density, Bowers (2001) suggested a lower bound for sonic velocity in shale: 
Vp = 4790 + 2953 (ρb – 1.3)
3.57
                (3.10) 
NCT from porosity logs 
The NCT can be established by using either the linear or exponential form of Athy’s 
(1930) equation: 
φ = φo – cz                         Athy’s linear form                                                        (3.11)    
φ = φo exp(cz)
          
               Athy’s exponential form                                           (3.12) 
where φo = initial surface porosity (%), c = compaction constant (m
-1
), φ = porosity (%); and z = 
depth in (m). 
Issler (1991) noted that the exponential form of the equation is the most commonly used; 
however, he has successfully used the linear form in more compacted areas of Beaufort-
Mackenzie Basin of Northern Canada. According to Issler neither of the equations fits perfectly 
over his entire data range whenever overpressure is present. He therefore recommended a 
modified form of the equation over certain depth intervals. Dutta (2000) modified Athy’s (1930) 
equation to the form: 
 φ = φoexp(k)                                                                                                       (3.13) 
where k = coefficient related to bulk density of sediment and density of pore water, and σ = 
effective stress. 
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There are other similar transforms for porosity computation that can be plotted against 
depth or effective stress. Depending on the log type available, a few of the commonly cited 
transforms in literature for NCT computation is presented below. 
NCT from sonic (Δt) log 
Where the sonic transit log is available, Ramdhan & Goulty (2011) used: 
  Δt = ( Δt0 – Δtm ) exp(– b z) + Δtm                                                                                                  (3.14) 
where Δt = transit time; Δto = initial surface transit time; Δtm = matrix transit time; b = 
compaction constant (m
-1
); and z = depth in (m)  
NCT from resistivity log 
R = Ro exp(b z)                                                                                                         (3.15) 
where R = resistivity; Ro = initial surface resistivity; b = compaction constant (m
-1
); and z = depth 
in (m) (Ikon’s RokDoc training manual).  
NCT from density log 
The NCT can be constructed from density by applying Athy’s (1930) or by first using 
transforms  shown in equation 3.17 to convert density to porosity and applying applicable 
equation. 
φ = (ρm – ρb )/(ρm – ρf  )                                                                                              (3.16) 
where φ = porosity (fraction); ρm = matrix density; ρb = bulk density; and ρf = fluid density (m). 
The limitations of the NCT-based approach to the prediction of formation pressure have 
been pointed out by many. For example, the NCT does not adequately account for: lateral 
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transfer, shallow overpressure or choice of curve in shallow sections of hole (Swarbrick, 2001); 
variation of shale mineralogy (Swarbrick, 2001; Alberty & Mclean, 2003); the need to use the 
three mean principal stresses (Swarbrick, 2001; Alberty & Mclean, 2003; Goulty, 2004); fluid 
expansion contribution to overpressure (Osborne & Swarbrick, 1997; Swarbrick et al., 1998 in 
Swarbrick, 2001); and chemical compaction at depths >24 km (Goulty et al., 2012). 
 
3.5.1 Overpressure estimation from wireline logs 
For quantitative evaluation of pressure, the most common methods are equivalent depth, Eaton 
(1975), and Bowers (1995). The ultimate choice will depend on the pressure analysts and/or asset 
team preference and experience. The types of data needed for each method are listed in Table 
3.1. 
 
 
Table 3.1. Data types that can be usedfor the different estimation methods.  
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Equivalent depth method 
This is based on the assumption that every point on a log has an equivalent point on the NCT. In 
the example of Figure 3.12, the log response at 700 ft depth is the same as at 400 ft depth, where 
the pore pressure is hydrostatic, so the vertical effective stress is also assumed to be the same at 
those two depths, and hence the pore pressure may be estimated provided that the vertical stress 
due to the weight of the overburden can be calculated from density information. 
 
Figure 3.12.  Illustration of the equivalent depth method for pore pressure estimation.  
 
Bowers (2001) pointed out that, where mechanisms other than disequilibrium compaction 
are present (i.e., unloading mechanisms), the equivalent depth method under-predicts pressure. 
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Bowers (2001) gave some insight on how to determine when equivalent depth will not work for 
pressure prediction: 
 By picking and cross plotting clean shale within the normal trend and the reversal trend, 
if all points plot on the same trend, the equivalent depth will work . 
 In situations where all three logs (density, Vp, and resistivity) shows reversal, Bowers 
suggests picking similar points from each reversal and projecting them vertically until 
they cross the log at a shallower depth. If projected depths come out similar, the 
equivalent depth will work; but if the depth from density is deeper, the equivalent depth 
method will not work. 
Eaton’s Method 
This is an empirically determined method based on data from the GOM. Eaton’s method 
is based on the relationship that pressure is related to the difference between overburden and, the 
product of effective stress (from normal pressure zone) and ratio of log value inside reversal and 
log value on projected normal trend. Yoshida et al. (1996) in their survey, of mostly drilling 
engineers in the GOM, concluded that: The major operating companies still rely on the use of 
offset wells and history in combination with seismic for pore pressure work. Though the most 
commonly cited prediction methods are Hottman and Johnson (1969), Eaton (1975) and the 
Equivalent Depth method. However, Eaton’s method, at times with modification of exponent, is 
the most commonly used for pressure prediction. Some commonly used forms of Eaton’s 
equation are listed below. 
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Eaton’s method from sonic log 
 Pp = Sv – [(Sv – Ph) × (Δt norm/ Δt obs)
3
]                                                          (3.17) 
where  Pp  = pore pressure; Sv  = vertical stress; Ph  = hydrostatic pressure; 
Δt norm  = sonic velocity on normal trend; and Δt obs   = sonic velocity observed. 
Alternatively, 
 Pp = Sv – [(Sv – Ph) × (Vp obs/ Vp norm)
3
]                                                                    (3.18) 
where Vp obs = velocity observed; and Vp norm  = velocity on normal trend.  
Eaton’s method from resistivity log 
Pp = Sv – [(Sv – Ph) × (Robs/Rnorm)
3
]                                                                          (3.19) 
Robs = Resistivity observed; Rnorm    = Resistivity in normal trend 
Eaton’s Method from DX or DXC Exponent 
Pp = Sv – [(Sv – Ph) × (DX obs/Dx norm)
3
]                                                                     (3.20) 
Dxobs = Dx observed; Dx norm   = Dx in normal trend 
Bowers’ method 
Bowers (1995) accounts for shortcomings related to predicting pore pressure when unloading is 
involved in overpressure generation. To obtain what he termed the ‘virgin curve’ (NCT), data 
from GOM were empirically fitted to equation 3.21.  And an unloading curve was also 
empirically determined to give equation 3.22. In Bowers (2001), he provided steps and 
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theoretical background on how to determine maximum past sonic velocity, in ft/s (Vmax) and 
maximum past density, in g/cc (ρmax) which were not presented in his 1995 paper. 
 (Bowers, 1995; 2001) suggested Equation 3.23, by combining equations 3.21 & 3.22, to 
account for pressure contributions from disequilibrium compaction and fluid expansion, by 
subtracting effective stress calculated from velocity from overburden to obtain pore pressure.  
V = 5000 + A σB                                                                                                         (3.21) 
where Vp = velocity (ft/s), σ = effective stress (psi), A & B = obtained from regional velocity – 
effective stress calibration of offset wells. 
Vp = 5000 + A [σmax (σ/σmax) 
(1/u)
]
B                                                                                                                 
(3.22) 
σ = σmax [1/σmax(Vp  5000/A) 
(1/B)
]
U 
;                                                                    (3.23) 
where U = clastic – plastic coefficient of mudstone. 
 
3.5.2 Wireline formation testers 
When measurements are taken by following strict and standard operating procedures this group 
of tools provides the most accurate and direct means of pressure measurement in the subsurface. 
Depending on the service provider, WFT tools in this category include Repeat Formation Tester 
(RFT), Reservoir Description Tool (RDT), Reservoir Characterization Instrument (RCI), 
Modular Dynamic Tester (MDT), and PressureXpress-HT Tool (XPT). Apart from the much 
older generation Formation Interval Tester (FIT), most of these tools are still very much in use 
today in oil fields around the world. Regardless of the service provider or tool, the operating 
principles are quite similar (Figure 3.13). 
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1. The tool is lowered in hole until zone of interest identified from correlation logs (GR, 
resistivity, and density-neutron) is reached. 
2.  A rubber packer is activated and forced against the wellbore until a seal is achieved, 
essentially  isolating the probe inlet from the mud pressure, and estimating pretest mud 
hydrostatic pressure in the process. 
3. The pretest chambers are than activated; the tool draws a small volume (~10 cc) of fluid 
from the formation causing pressure drop in the flow line. 
4. The reservoir produces an equal amount of fluid to replace fluid drawn by the tool. 
5. When the mass transfer in step 4 above is completed, formation pressure will equilibrate 
with the tool flowline pressure; hence measurement of static formation pressure can be 
accomplished. 
6. The probe in step 2 is retracted at the end of the test and the mud hydrostatic pressure is 
measured again. 
Depending on operational requirement these group of tools are capable of measuring 
downhole pressure and sampling of formation fluids. The newer tools downhole fluid analyzers 
(XFA) are capable of performing downhole fluid analysis. Table 3.2 shows some of the 
measurement specification for the different tools. 
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      Figure 3.13. Schematic of typical WFT tool and pressure test profile.  
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Table 3.2. Showing the tools specifications and operating conditions. Information from 
respective companies website.  
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3.5.3 Detection methods during drilling 
Rate of penetration (ROP)  
ROP is an indication of how fast the bit drills through an interval. The expectation is that, if 
drilling parameters are kept constant, ROP should decrease with depth due to increased 
compaction of rock with depth. Therefore, increased ROP or any deviation from increasing trend 
could potentially be due to undercompaction which is typically associated with overpressure. 
However, because parameters such as weight on bit (WOB), revolutions per minute (RPM), 
hydraulics, and mud weight are hardly ever kept constant, ROP may increase or decrease 
independent of the sediment compaction state. When available, normalized ROP used in 
conjunction with other indicators is a more accurate means of inferring undercompaction during 
drilling. Examples of normalized ROP including the D-exponent are discussed later in the 
section. 
Gas shows  
Progressive increase in trip gas (TG), background gas (BG), and connection gas (CG) are all 
pointers to a likely UBD situation and should be investigated before drilling progresses. In most 
cases it will require circulating out the gas by circulating bottom up (CBU) and increasing mud 
weight. While on bottom drilling, the equivalent circulation density (ECD) is typically high 
enough to balance the pore pressure and the gas produced from formation. When circulation is 
stopped, the equivalent static density (ESD) is typically lower than the ECD. If the ESD is lower 
than pore pressure, both liberated and produced gas enters the mud and will show as increased 
TG, BG, and CG. If the situation is not arrested, with each pipe connection; CG dilutes the mud 
further causing further drop in mud weight and progressively higher CG is recorded. 
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Cavings and cuttings  
The type, shape, size, and quantity of carvings/cuttings may be indicative of overpressure or 
UBD. In particular splintery, curved and large quantity of cuttings are typical in UBD situations 
(Figure 3.14). Cavings can also be produced due to bedding plane instability but these generally 
have distinct shape (i.e. blocky) and appears to be “man made”, this occur more at connection 
(ESD < PP) and, increasing MW typically worsens the situation. Information on nature of 
cavings and cuttings obtained from mudlog, drilling data, and end-of-well-report (EOWR) is 
used in corroboration with other data to infer UBD. 
 
 
Figure 3.14. Typical cuttings character seen in underbalanced situation; blocky cuttings are in 
general, not indicative of UBD.  
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Torque  
The torque should increase with depth due to contact between drill string and wellbore. In the 
underbalanced situation, the hole will “flow” into the bore leading to increased string-to-wall 
contact and consequently increased torque. Bit balling, BHA configuration, hole deviation, and 
instability that is unrelated to formation pressure may also cause increase in torque. Modern 
drilling rigs and mudlogging units now have the capability to differentiate between downhole 
and surface torque. Balling up may be indicative of a pressure transition zone and is typically 
characterized by a steady torque reading.  
Mud weight (MW)  
With constant mud weight going in hole, if MW(out) is lower than MW(in) this is a typical 
indication that the well may be flowing and the well is underbalanced. 
Overpull and Drag  
Overpull may be noticed on the hookload while pulling out of hole (POOH) or picking up off-
bottom, in which case the hookload reads higher than the free weight of string. Drag refers to 
difficulty in getting back on bottom freely, and some value of WOB may be shown when in fact 
the bit is not on bottom. Both overpull and drag are caused by hole pinching or cutting debris 
downhole, which may not always be due to underbalanced drilling. 
Examples of normalization to ROP  
Forgotson (1969) suggested direct use of drilling rate (ROP) to predict geopressure, basically 
equating increase ROP to geopressure (Fertl & Timko, 1971). It is now known, as pointed out 
earlier, that hole size, WOB, RPM, mud weight, and bit (type, wear, and hydraulics) may cause 
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increased or decreased ROP. To eliminate the effect of hole conditions and drilling parameters, 
ROP data must be normalized.  
The D-exponent (Dx) was developed by Jordan and Shirley (1966), according to the 
equation: 
Dx = [log (R/60N)] / log (12W/10
6
B); or                                                                 (3.24)    
R/N = a (W/B)
d
                                                                                                         (3.25) 
where R = drilling rate (ft/hr), N = rotary speed (RPM), W = weight on bit (pounds), B = bit 
diameter (inches), a = lithology constant, and d = compaction exponent. 
 Dx is dimensionless and sensitive to differential pressure, hence can be used to adjust the 
mud weight as drilling progresses. In general, Dx is expected to increase with depth if lithology 
is constant and pore pressure is hydrostatic, but decrease in overpressured zones (Figure 3.15). 
However, Dx is not corrected for mud weight; increased mud weight during drilling generally 
decreases ROP but increases Dx, making the interpretation difficult in such situations. 
The corrected D-exponent (Dxc) is similar to Dx in principle, but with normalization for 
mud weight. However, bit (type & wear), hydraulics, lithology, and compaction are not corrected 
(Agip in-house manual, 1980). 
 Some points to bear in mind when using Dxc for pressure detection are the following: (1) 
use only trends in shale; (2) trends will typically change with bit and hole size changes; (3) do 
not use in sections with controlled drilling or sliding; (4) trend more reliable when drilling with 
roller cone bits; (5) use in conjunction with other indicators; and (6) deviation from normal trend 
is indicative of transition zone. 
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Figure 3.15. Idealized responses of drilling rate, Dx, and formation pressure with depth.  
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CHAPTER 4 
 Research Methodology 
 
The wells used in this study are from the deepwater area of the Niger Delta Basin in water depths 
ranging from ~600 m to < 2000 m. In general, water depth < 200 m is typically considered 
shallow water, while depths from 200 m up to < 2000 m are considered to be deep water, and 
depths >2000 m are considered to be ultra-deep water.  
Two general types of data were used for this project: data acquired during drilling of a 
well, and data prepared or acquired after drilling of a well (i.e., after abandonment). The first 
data type includes wireline logs, logging while drilling (LWD) logs, wireline formation tester 
(WFT) results, mudlogs, and drilling logs. The second group of data includes end-of-well reports 
(EOWRs), comprising both drilling and geological reports. It should, however, be noted that 
complete sets of data were not available for some wells. What follows is a review and examples 
of how the different datasets were used in this study. For a well to be included in this study, at 
the minimum, it should have acceptable quality of wireline or LWD logs, pressure data, and 
corresponding EOWRs. 
 
4.1 Data acquired during drilling 
4.1.1 Wireline and LWD logs 
A sample of a typical wireline log suite from the study area is shown in Figure 4.1. Before using 
the wireline and LWD logs, they were quality checked for the accuracy of the log heading, 
logger’s remarks, depth discrepancies, correct scaling, spikes and gaps, cycle skipping in sonic 
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logs, and consistency of log curves over repeat sections and with offset wells. Logs that do not 
meet the QC standard were excluded from the study.  
 As a preliminary discrimination step in identifying clean shale, a cross-plot of shale 
velocity against density was used to determine the shale trend for each well, assuming that the 
trend should follow a Gardner-type relationship (Gardner et al., 1974). The API value on the GR 
log for the shale baseline was picked by visual inspection of the GR log, and then applied as a 
cut-off. Where feasible, a resistivity filter was also applied for further discrimination of ‘clean’ 
shale. The GR cut-off value for shale varies from well to well over the range 65–95 API. Several 
authors (e.g., Mathews, 2004; Katahara, 2008) have pointed out that use of the GR alone to 
discriminate shale can be very misleading, especially in radioactive sands; other 
thresholds/discriminators should be applied in addition to the GR API value. In the following 
paragraphs, the different plots generated from wireline and LWD logs are described. The 
generated data are required input to enable proper evaluation and estimation of subsurface 
pressures from shale. 
Shale volume  
The volume fraction of shale, Vsh, is generated from the GR log through Ikon Science’s RokDoc 
software using the standard equation: 
Vsh = (GRlog – GRsd)/(GRsh – GRsd)       (4.1) 
where GRlog is the log response, GRsh is the log value in clean shale, and GRsd is the log value in 
clean sand. The Vsh output is also used as additional filter in picking clean shale during NCT 
generation, and for pore pressure estimation using the equivalent depth method. An example of a 
Vsh plot is shown in track 5 of Figure 4.1. 
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Figure 4.1. Example wireline log from a deep water Niger Delta well. Track 1 shows the natural 
gamma ray (GR) log, track 2 the density and neutron logs, track 3 is the deep resistivity, track 4 
the sonic log, and track 5 shows the shale volume fraction. 
  
Overburden stress 
Estimation of the overburden stress (OVB) as a function of depth is typically required for predrill 
well planning. The estimates are also used in the determination of overburden gradient and in 
Terzaghi’s equation relating vertical effective stress and pore pressure.  
 When the pore pressure becomes equal to or greater than the OVB, i.e., when the weight 
of the overburden is supported by pore fluid, the rock will fracture and the fractures will be 
approximately horizontal. As pore pressure increases, tensile and/or shear failure may occur 
(Secor, 1965 cited in Grauls & Cassignol, 1993). Tensile failure occurs under the conditions 
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Pp > S3 + T and S1 – S3 ≤ 4T        (4.2) 
where T is the tensile strength of the formation and S1 and S3 are the maximum and minimum 
principal compressive stresses, respectively. But if tensile failure has already occurred in the 
formation, the condition for the reopening and propagation is governed by the relationship  
Pp > S3 with T ≈ 0         (4.3) 
In order for the pore pressure to reach, or exceed, the OVB, the orientation of S3 must be vertical. 
 Figure 4.2 is an example of OVB estimation from one of the wells in the study area. The 
OVB is calculated from bulk density log using cumulative summation of the sediment weight for 
each depth interval. 
 
                  Figure 4.2. Sample OVB generated from the density log.  
 
The shallow sections, from mudline to about 800 m, in most of the wells in this study do 
not have density logs due to lack of interest by operators and the lack of availability of a suitable 
tool for the shallowest (large hole) part of the section. In such cases, determination of seafloor 
density was based on experience, knowledge of the sedimentation rate, mudlog data, and a trial-
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and-error approach. Based on Monte Carlo simulation, Mathews (2004) suggested that the 
impact of density variation on OVB calculations is generally small due to the weighted average 
nature of the estimation method. However, he noted that the impact of inappropriate shallow 
density modelling can be quite significant. Although the OVB in this project was calculated with 
the aid of Ikon Science’s RokDoc software, the principle is the same as when the OVB is 
calculated manually. Table 4.1 is a sample of manually estimated OVB. 
 
 
Table 4.1. Sample manually calculated OVB using density log.  
 
Normal compaction trend (NCT) 
An example of an estimated NCT in the study area is shown in Figure 4.3. Because the NCT is a 
required input for pressure prediction using the equivalent depth method and Eaton’s method, it 
must be as accurate as possible. The major challenges in constructing NCTs for wells in this 
study are estimation of the trend in the shallow sections of wells where density logs are not 
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available, and onset of overpressure in the shallow section of a well, making it difficult to 
establish the NCT even in the shallow section.  
 
       Figure 4.3. Sample NCT construction from a well in the study area.  
 
 Eaton (1975) has suggested that the NCT should be constructed using experience and 
every relevant available data. On the other hand, Matthews (2004) noted that most of the 
uncertainty associated with pore pressure prediction is related to the correct choice of NCT, 
citing an example for a resistivity log. Because limited velocity logs were available and are 
generally of low quality, the NCTs were mainly constructed using density logs. 
 
4.1.2 Wireline formation tester data 
Pressure data from WFT were provided by the operating companies, and depending on service 
provider comprise mainly: Reservoir Description Tool (RDT), Reservoir Characterization 
Instrument (RCI), and Modular Dynamic Tester (MDT). 
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Before using or accepting pressure data for use in this study, the following quality control 
procedures were followed: 
1. Pressure data classified as ‘GOOD’ in the REMARK column were used – otherwise the 
data were discarded. 
2. Tool measurements of mud hydrostatic pressure before and after a pipe change were 
compared, and should be reasonably close (< 1.5psi), depending on the tool type and its 
specified accuracy. 
3. Pressuredepth data were plotted and compared with GR, resistivity, density and neutron 
logs; data points outside clean sands, within very thin or tight sand, and off depth were 
rejected. 
4. Excessively low pressure values (likely due to depletion) or excessively high pressure 
values (likely due to supercharging) were rejected. 
5. When available, DST or PVT data were used for validation. 
Pressure data that have passed the QC process were then plotted against depth for further 
analysis. The resulting pressure–depth plot was used to: 
 Identify zones of underbalanced drilling (UBD) by comparing the WFT pressure data 
and shale predicted pressure with mud weight used while drilling. 
 Identify and quantify the magnitude of overpressure. 
 Calculate effective stress by subtracting measured formation pressure from the OVB. 
 Analyse cross-plots to identify any contribution of unloading to overpressure. 
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4.1.3 Temperature 
The vast majority of temperature data used in this study are WFT measurements, and to a limited 
extent BHT measurements from wireline and LWD logs. When only BHTs from logs are 
available, linear extrapolation is used to estimate temperature for deeper interval. Some operators 
in the Niger Delta area have shown, based on regressed BHTs from logs with DST temperatures, 
that a 10% addition to the logged BHT is comparable to DST temperature measurements for the 
same interval (Operator’s report, 2006).  
Most of the temperature data are from measurements with MDT tools. MDT temperature 
may not represent the true formation temperature because of time required for formation 
temperature to stabilize after mud circulation. For more accurate formation temperature 
measurement, some operators are now using permanent downhole sensors to monitor reservoir 
properties including temperature over extended periods of time  months and years.  
Nwachukwu & Chukwura (1986), Avovobo (1978) and Doust & Omatsola (1990) have 
all pointed out that the geothermal gradient in the Niger Delta varies and depends on where one 
is within the lithostratigraphic sequence. For example, the geothermal gradient for the Benin 
Formation is estimated at 1.3 to 1.8 deg C/100m, for the Agbada Formation at 2.7 deg C/100m, 
and for the Akata Formation at 5.5 deg C/100m. The variation of geothermal gradient is related 
to differences in sandshale volume and hence thermal conductivity (Doust & Omatsola, 1990). 
The approach taken in this project is to use average temperature data calculated from wells 
within the same field. Temperature measurements and estimates have been used mainly to infer 
possible smectite-to-illite transformation, hydrocarbon generation, and cracking of oil to gas, i.e., 
to investigate whether unloading is contributing to overpressure. 
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4.1.4 Deviation survey 
Deviation surveys were either acquired during drilling from LWD and MWD tools, or with a 
gyro survey after drilling each hole section. The main quality control checks were to ensure that 
the survey method is consistent with the default software (RokDoc) setting, and surface and 
bottom hole coordinates are accurate. The surveys are critical for use in calculation of TVD, 
interval true thickness, and the well path. 
 
4.1.5 Mud log and drilling log 
Information taken from the mud log and the drilling log was used to corroborate indications of 
UBD seen on pressure–depth plots. Such information includes rate of penetration (ROP),  gas 
shows, cavings and cuttings, torque, mud weight, overpull and drag, and the corrected D-
exponent, as described in section 3.5.3.  
Tops and markers 
Formation tops and marker horizons were provided by different operators in the Niger Delta. 
Difficulties with using the tops arose because the companies use in-house nomenclatures that are 
not transferable to other operators, and the criteria for picking tops varies from one company to 
another. Hence the tops used are specific to the individual well, or group of wells. 
 
4.2 Data acquired after drilling 
The end-of-well report (EOWR) provides a detailed summary of well operations from predrill to 
abandonment or completion. Relevant information in the form of plots, charts, graphs, and text 
were used to verify and clarify observations made on the pressure–depth plot. 
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4.3 Interpretation 
The interpretation stage requires putting together all the information and observations from 
various wells in a cohesive and meaningful way. For this project, data interpretation involves, 
firstly, identifying the presence of overpressure and possible contributory mechanisms. This was 
done by evaluating compaction trends from density logs, and generating pressuredepth plots 
using the equivalent depth method. In addition, effective stressdepth plots using RokDoc 
software were generated after evaluation of sonic, density, and resistivity logs, the velocity–
density cross-plot; the densitysonic transit time cross-plot, and the temperature gradient for the 
respective wells. Secondly, zones of UBD were identified by comparing WFT and shale-
predicted pressures with the mud weight profile. Thirdly, evidence was sought from mud logs, 
EOWRs, and drilling data that are indicative of UBD within the zones of interest.  
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CHAPTER 5 
Results of Shale Pressure Prediction and Underbalanced Drilling – 
Examples from AIW-EIW and NOW Wells 
 
Thirty-six wells located in water depths ranging from 800 m to 2000 m were screened for this 
study. Most of the wells are located east of the Charcot Fracture Zone in the Southern Lobe of 
the deep water Niger Delta Basin (Figure 5.1). Wells selected for the study are spread across 
eight different fields and four operating companies. In AIW-EIW and NOW fields, six wells 
located in water depths from 1500 m to 2000 m and within 80 km of the Charcot Fracture Zone 
were screened for inclusion in the study. Specifically, well logs were quality checked for 
completeness of data, minimal or absence of spikes and gaps on logs, depth accuracy, accurate  
 
Figure 5.1. Map of Western and Southern sedimentary lobes in the offshore Niger Delta Basin, 
separated by the Charcot Fracture Zone. Approximate locations of NOW, AIW-EIW, AOE, and 
UNE fields are shown.  
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surveys and pressure data, and availability of mudlog and end-of-well reports. On average, 34 
wells per field were analysed, depending on the availability and quality of well data.  
Results for wells AIW-1 and 2, EIW-1, and NOW-1 and 2 are presented in this chapter. 
In chapter 6, results for UNE -4, UNE- 5, AOE-1, and AOE-4G1 are presented. The aims in this 
chapter are (1) to present the results of pore pressure prediction from density using the equivalent 
depth method; (2) report indications of the presence or absence of unloading as a contributory 
mechanism to overpressure development; and (3) identify zones with UBD, i.e., intervals drilled 
with lower mud weight than measured or estimated pore pressure gradients. The chapter begins 
with geological background information on the AIW-EIW and NOW fields in section 5.1. The 
data analysis is described in section 5.2, and the results wells identified with UBD from 
pressure–depth plots are presented in section 5.3.    
 
5.1 Geological setting  
5.1.1 Structural setting 
The structural setting of the individual fields is sparingly discussed due to limited relevant data 
and/or lack of seismic interpretation from the operators. Based on regional data, there are three 
main structural provinces in the Niger Delta: from onshore (NE) to offshore (SW) the provinces 
are extensional, diapir, and toe thrust (Corredor et al., 2005) (Figure 5.2). Most deep water 
discoveries in Nigeria are in the inner thrust belt. Three discoveries that are not part of this study, 
Etan, Ikija, and Bobo, have recently been reported in the outer thrust belt. 
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Figure 5.2. Structural styles of the deep water Niger Delta Basin showing the main provinces. 
Wells in this study are mainly in the diapir province and translational basin. 
 
 The wells in this study are located mainly in the inner thrust belt which comprises the 
mud diapir province and the translational basin of the deep water Niger Delta (Figure 5.2). 
Specifically, these are characterized by dome-shaped collapsed-crest structures and back-to-back 
faulting that may be antithetic or synthetic. In these areas, it is common to find pairs of faults 
with each fault dipping towards the crest, forming a collapse structure at the crest as 
compensation for overburden extension (Doust & Omatsola, 1990). Also common within the 
study area are blocks of northerly dipping strata that are bounded by closely spaced seaward 
dipping faults (Doust & Omatsola, 1990).  
 
5.1.2 Chronostratigraphy 
In the absence of high resolution palaeontological and core data, the chronostratigraphic intervals 
in the Niger Delta are quite difficult to place. For most wells in this project, the 
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chronostratigraphic tops were not provided and palaeontological data were not included. For 
example, the tops of the middle Miocene in wells AIW-1 & AIW-2 were given at 950 m true 
vertical depth below mudline (TVDml) and 1750 m TVDml, respectively. The tops provided for 
AIW wells were those used by a specific operator. There are no indications that the criteria used 
in establishing the tops are standardized or universal in the Niger Delta area. For wells the NOW 
field, a different operator from the AIW-EIW field, tops for standard chronostratigraphic 
nomenclature were not provided. The reason for the apparent inconsistency in naming of tops is 
due to the fact that the fields are operated by different companies with different in-house naming 
systems and different criteria for picking tops. 
The chronostratigraphic tops for AIW-EIW wells are shown in Figure 5.3. Based on the 
available tops, intervals are thinner, sandier, and siltier southwards.  
 
 
                       Figure 5.3. Stratigraphic tops example for wells AIW-1, AIW-2 and EIW-1.  
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5.2. Results of analysis for AIW-EIW and NOW wells 
5.2.1 OVB  
The OVB is generated from the density log (RHOB) using Ikon Science’s RokDoc software. The 
software uses the following equation to generate the OVB: 
ρ = ρm –  ( ρm – ρ0 ) exp(bz)        (5.1) 
where ρ is the density at depth z below mudline, ρm is formation matrix density, ρ0 is density at 
mudline (seabed), and b is the compaction coefficient. Users have the option of constraining the 
top and bottom density, ρ0 and ρm, and adjusting b until a suitable trend that fits the data is 
obtained.  
 Figures 5.4 and 5.5 show examples of OVBs generated for the AIW-EIW Field (three 
wells) and the NOW Field (two wells). Except where stated otherwise, all depth measurements 
are TVDml and pressures are in pounds per square inch (psi) - these choices are a matter of 
convenience and preference based on available data. The generated OVB is used as a proxy for 
maximum principal stress, and in the estimation of vertical effective stress.  
 The top and bottom densities observed in each well, even from the same field, show some 
variation. To generate the OVB for the AIW-EIW Field (three wells), a top density of 1.75 g/cc 
and a bottom density of 2.68 g/cc were used, whereas in the NOW Field (two wells) a top density 
of 1.8 g/cc and bottom density of 2.53 g/cc worked quite satisfactorily (Table 5.1). Both of these 
fields are within 80 km of the Charcot Fracture Zone, and the densities used to constrain the 
OVB are within the ranges used by other studies within the Niger Delta (e.g., GPT/Sonar Nigeria 
limited, personal communication). Overall, based on calculations using logged densities, the 
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overburden gradient ranges from 0.80 to 0.96 psi/ft. The leak-off pressure (LOP) data used are 
those acquired by operators during LOTs in compacted mudrocks. The pressure values obtained 
from this operation are used as a proxy for the minimum principal stress.  
  
 
Figure 5.4. Left: Density profile generated for wells AIW-1, AIW-2 and EIW-1. Right: OVB 
stress profile for the same wells calculated from the density profile.  
 
81 
 
 
Figure 5.5. Left: Density profile generated for wells NOW-1 and NOW-2. Right: OVB stress 
profile for the same wells calculated from the density profile. 
  
5.2.2 NCT 
An NCT was generated for shales in each well with RokDoc using equation 5.1. Shales were 
selected using Gardner’s velocity- density relationship (equation 3.9) as the first step (Figure 
5.6). A GR cut-off value in the range 65–75 API was then applied as additional filter. A final 
constraint of Vsh ≥ 60% (equation 4.1) was also applied, and the data points removed are greyed 
out zones in Figure 5.7.  
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Figure 5.6. Gardner’s plot of density against sonic velocity filtered with GR threshold of ≥65 
API to pick data points from cleanest shales. The green line on the plot is the shale-bounding 
curve.  
 
 
Figure 5.7. Left: Density-generated NCT for wells AIW-1, AIW-2 and EIW-1. Right: Velocity-
generated NCT for same wells.  
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In this example (Figure 5.7), where there is sufficient quality data to use both density and 
velocity logs for NCT construction, velocity is included for comparison only. Within the study 
area, the NCT was derived mainly using the density log because velocity logs were either absent 
or of low quality in majority of the wells. Two main challenges with NCT construction in this 
study were the lack of log data at shallow depths, and the top of overpressure in most of the wells 
is very shallow. In such cases, experience and knowledge of local geology was used to constrain 
log data at mudline. This situation is not peculiar to the Niger Delta area. Overpressure at or 
close to mudline have been reported by others. Based on regional and high-resolution 3D seismic 
velocity and rock models, Banic et al. (no date) reported the onset of overpressure at seafloor in 
an un-named deep water basin offshore West Africa. Also, Bowers (2002) reported that in the 
deepwater Gulf of Mexico, overpressure can start within a few hundred feet of the seafloor.  
In AIW-EIW wells, the NCTs from both density and velocity show that the 
undercompaction starts at about 500 m below mudline or even shallower. Well AIW-1 does not 
have density or velocity data below 2500 m, so it is impossible to say whether a reversal would 
have been found below at greater depth in this well. The first reversal occurs just below 2500 m 
and another at ~2800 m which is quite conspicuous, especially on the velocity log (Figure 5.7). 
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Figure 5.8. Left: Density-generated NCT for wells NOW-1 and NOW-2. Right: Velocity-
generated NCT for same wells.  
 
In the two wells from the NOW field, the NCTs are similar to those for the AIW-EIW 
fields (Figure 5.7). The sediments are normally compacted, or close to normally compacted, 
down to ~ 400 m below mudline. There is an increase in velocity around 1800 m that does not 
correlate with any significant change in the density trend. There is a reversal on the density log at 
at ~2200 m and also on the velocity log at ~2400 m. 
Standard chronostratigraphic tops were not available for any of the NOW wells, so it is 
quite challenging to compare intervals between these two wells; hence references are made 
relative to mudline for comparison. It should also be noted that well NOW-2 has data only from 
about 800 m to 1600 m. However, the log data in NOW-2 do match quite well with NOW-1 
where data is available for both wells.  
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5.2.3 Plots generated from log data 
Results from wireline logs recorded in the AIW-EIW and NOW wells are presented in this 
section. The density, velocity, and resistivity logs were quality checked and discriminated for 
clean shale, as discussed in section 4.1. The logs were then plotted for examination of trends. 
The rationale for the use of cross-plots in pressure analysis has been discussed in section 3.4. 
Bowers (1995, 2001), Lahann (2001), Alberty et al. (2003) and Katahara (2003, 2006) have 
written extensively on the subject, especially for the US Gulf Coast and GOM. Using examples 
from AIW-EIW and NOW fields, results from two categories of cross-plot are presented here: 
firstly, those that are used to infer whether unloading, in general, has contributed to overpressure 
and, secondly, those that are used to infer whether, specifically, smectite-to-illite transformation 
has occurred in the system. 
Depth profiles for density, velocity and resistivity 
Figures 5.9 to 5.12 are the depth profiles of density, velocity and resistivity for wells AIW-1, 
AIW-2, EIW-1 and NOW-1, plotted individually. The idea is to check whether reversals have 
occurred at the same depth in all of the log types, or just in some, both to look for and also to 
choose appropriate pore pressure prediction methods (Bowers, 1995, 2001; Lahann, 2001; 
Katahara, 2003, 2006).  
  In the AIW-1 well there is no obvious reversal on any of the logs (Figure 5.9). In the 
AIW-2 well the logs followed a normal trend down to 2400 m, i.e., top of reversal (Figure 5.10). 
There is a very marked reversal on the density, velocity, and resistivity logs around the interval 
2500–2600 m. 
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Figure 5.9. AIW-1 well depth plots of density, sonic velocity and resistivity.  
 
 
Figure 5.10. AIW-2 well depth plots of density, sonic velocity and resistivity.  
 
 In the EIW-1 well, the logs follow a normal trend down to ~2500 m (Figure 5.11). There 
are reversals on the velocity and resistivity logs at 2800 m; the density log in this well was only 
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run above 2600 m. In the NOW-1 well, a conspicuous reversal is seen on the velocity log at 
~2000 m. The reversal is not as conspicuous on the density log and a resistivity log is not 
available for this well (Figure 5.12). It should be noted that the GR log, used as filter, in this well 
did not log beyond 2050 m and consequently limits the maximum depth seen in Figure 5.21. 
 
 
Figure 5.11. EIW-1 well depth plots of density, sonic velocity and resistivity.  
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 Figure 5.12. NOW-1 well depth plots of density and sonic velocity.  
 
Vertical effective stress (VES) 
Measured formation pressure from MDT, RFT, or RCI tools and calculated overburden (OVB) 
were processed with the Ikon Science RokDoc software to generate depth plots of VES. The 
software interpolates between pressure measurements to give a continuous VES profile. The 
generated VES profiles were checked for any apparent bad data, and the final results are shown 
in Figures 5.13 and 5.14. The gaps in the trends are sand intervals that have been filtered out 
since only shale intervals are of interest. As noted by Bowers (1995, 1998, 2001), Alberty et al. 
(2003) and Katahara (2003, 2006), a decrease in σv with depth is an indication of unloading. In 
contrast, Bowers (1995) pointed out that disequilibrium compaction does not cause σv to 
decrease with depth, nor does it cause a reversal in the sonic log, for example. 
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The shallowest VES decrease is in well AIW-1 between 2025 m and 2125 m. In well 
AIW-2, there is a VES reversal is noted between 2080 m and 2180 m, and in well EIW-1 there is 
a reversal between depths of 2300 m and 2405 m.  
The plots of NOW-1 and NOW-2 are more straightforward (Figure 5.14). There is a 
minor disruption in trend at 1600–1620 m, which does not amount to a reversal, and a marked 
reversal starting at 1980 m that continues to the deepest pore pressure measurement at ~2040 m. 
Otherwise, the general trend is increasing VES with depth in both wells. Are these reversals due 
to unloading? The answer will be explored in chapter 8 with the use of additional cross-plots. 
  
 
 
Figure 5.13. Depth plots of VES showing intervals with VES reversals in AIW-1 (left), AIW-2 
(middle) and EIW-1 (right).  
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Figure 5.14. Depth plots of VES showing intervals with reversals in wells NOW-1(left) and 
NOW-2 (right).  
 
Velocity–VES cross-plots 
Figures 5.15–5.19 are cross-plots of sonic velocity against VES for the AIW-1, AIW-2, EIW-1, 
NOW-1 and NOW-2 wells. Before cross-plotting, both velocity and VES data were quality 
checked as previously discussed in section 4-1. It should be noted that these plots are limited by 
the depth of the VES depth profile which terminates at the deepest pore pressure measurement. 
This cross-plot has been used by Bowers (1995) and Lahann (200l), amongst others, to infer 
whether unloading is present in shales. The NCT for sonic velocity shows rising velocity as VES 
increases, asymptotically approaching rock matrix velocity as porosity approaches zero. If the 
mudrock is unloaded (VES reduction), an unloading curve is followed with a faster sonic 
velocity for a given value of VES function. In other words, not all of the porosity lost or density 
increase that occurred during loading is recoverable when sediment is unloaded, because 
unloading causes a poroelastic response in the mudrock. As has pointed out by, for example, 
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Bowers (1995) and Katahara (2003, 2006), the unloading curve is not a single fixed curve above 
the virgin curve. The unloading curve for a particular bed is fixed by the maximum value of VES 
that it has experienced. 
 
 
Figure 5.15. Cross-plot of velocity against VES for AIW-1.  
 
 
Figure 5.16. Cross-plot of velocity against VES for AIW-2.  
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Figure 5.17. Cross-plot of velocity against VES for EIW-1.  
 
 
Figure 5.18. Cross-plots of velocity against VES for NOW-1.  
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Figure 5.19. Cross-plot of velocity against VES for NOW-2.  
 
Figure 5.15 for the AIW-1 well shows two trends, a lower trend with a best-fit line in 
purple and an upper trend corresponding to the reversal in the VES depth profile (Figure 5.13, 
left). The lower trend corresponds to increasing values of VES down to the reversal at 2015 m 
depth. The data points on the upper trend (warm colours) correspond first to decreasing VES and 
then increasing VES, as indicated by the colour-coded depth scale. It is not clear whether these 
points fit a single unloading curve. 
Figure 5.16 for the AIW-2 well plot is quite problematic in the sense that VES data 
available were scanty and limited mostly to the shallower section of well. However, it is quite 
apparent from the plot that intervals between 2200 m – 2250 m is overpressured and shows 
significant VES reversal.  
In the EIW-1well (Figure 5.17), the general trend from the shallow section down to ~ 
2300 m shows velocity increasing with VES. The first interval with VES reversal begins at ~ 
2300 m and the velocity values are generally lower than seen in the main trend. The cross-plots 
for wells NOW-1 and NOW-2 are less complex than those for the AIW-EIW wells (Figures 5.18 
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and 5.19). A general trend of increasing velocity with VES is seen on these plots, with a single 
trend from shallower to deeper intervals. Note that the NOW-2 plot is limited to ~1700 m depth, 
corresponding to the deepest measurement of pore pressure available for VES calculation.  
Density–VES cross-plots 
These cross-plots provide additional means of identifying illitic shale with or without unloading. 
Before cross plotting the data, both density and velocity data were quality checked as previously 
discussed in section 4.1. Two trends are recognizable on the density–VES plot for the AIW-1 
well (Figure 5.20). First, is a lower general trend that starts from shallow section to 1950 m. In 
the second trend, the VES reversal begins at ~2050 m and density values are slightly higher than 
average density seen in the general trend. Although, the interval from 2050 – 2300 m shows 
overall VES reversal, however, VES value increases from 2050 – 2300 m.  The plot for well 
AIW-2 (Figure 5.21) is quite problematic because the available VES data were scanty and 
limited mostly to the shallower section of well. However, the interval between 2200 m and 2250 
m is overpressured (lower VES) and a VES reversal is seen within the interval. 
In well EIW-1, density increases with VES down to 2200 m depth (Figure 5.22). The first 
VES reversal is seen at 2300 m, with density values initially below the trend in the shallow 
section. Notice that reversal seen on the velocity log at 2800 m cannot be correlated with this 
plot because the density log stops at 2600 m. 
The cross-plots for the NOW wells in Figures 5.23 and 5.24 are less complex than the 
cross- plots for the AIW-EIW wells. The general trend here is an increase in density with 
increase in VES over the whole depth interval.  Due to the limited pressure measurements, the 
maximum depths represented on the plots are limited to 2050 m and ~1700 m for NOW-1 and 
NOW-2, respectively (Figure 5.14). 
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Figure 5.20. Cross-plot of density against VES for AIW-1.  
 
 
Figure 5.21. Cross-plot of density against VES for AIW-2.  
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Figure 5.22. Cross-plot of density against VES for EIW-1.  
 
 
Figure 5.23. Cross-plot of density against VES for NOW-1.  
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Figure 5.24. Cross-plot of density against VES for NOW-2.  
 
Velocity–density cross-plots 
Figures 5.25–5.27 show velocity–density cross-plots for wells AIW-1, AIW-2 and EIW-1. The 
plots have been used to identify the presence of illitization with loading and illitization with 
unloading (e.g., Lahann, 2001). Velocity and density data were discriminated for clean shale and 
then cross plotted using IKON Science software (RokDoc). 
In Figure 5.25 (AIW-1) the general trend is an increase in velocity with density down to 
about 1500 m.  
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Figure 5.25. Cross-plot of velocity against density for AIW-1.  
 
In the plot of AIW-2 well (Figure 5.26), a fairly linear relationship is seen from shallow 
depth till about 2250 m. However, from 3000 m to 3250 m there is a large drop in velocity 
relative to density, as may be seen in Figure 5.10, where both logs show strong reversals. 
 For well EIW-1, velocity increases with density for most of the intervals (Figure 5.27). 
However, there is considerable drop of velocity for interval around 2300 m, this is also evident in 
Figure 5.10. For wells NOW-1 and NOW-2, velocity generally increases with density (Figures 
5.28 and 5.29).    
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Figure 5.26. Cross-plot of velocity against density for AIW-2.  
 
 
Figure 5.27. Cross-plot of velocity against density for EIW-1.  
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Figure 5.28. Cross-plot of velocity against density for NOW-1.  
 
 
Figure 5.29. Cross-plot of velocity against density for NOW-2.  
 
Density–sonic transit time cross-plots 
Similar to velocity – density, cross-plots of density against sonic transit time have been used to 
identify smectite-to-illite transformation in wells (e.g., Bowers, 1995, 1998, 2001, 2002; Lahann, 
2001; Alberty & McLean, 2003; Katahara, 2003, 2006). The basic idea is that smectite-rich 
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mudrocks plot on the smectite line (blue line) in Figure 5.30, and as illite content increases, the 
points will move up and to the right towards the illite-rich line (red line). The transformation is 
temperature-dependent and requires a potassium-rich system. For example, Mouchet & Mitchell 
(1989) have suggested that this reaction can proceed at a lower temperature if sufficient supply 
of potassium ions is available, though they did not specify the minimum concentration required.  
  In Figure 5.30 for well AIW-1, it is apparent that the shallower intervals align with the 
smectite-rich line, but in the deeper section the data points shifts toward the illite-rich line. In 
well AIW-2 (Figure 5.31), there is an obvious shift of data from shallow intervals towards the 
illite-rich line in the deeper interval. In well EIW-1 (Figure 5.32), most of the data plot between 
the lines for smectite-rich and illite-rich mudrocks, with a trend that parallels the smectitic and 
illitic trends.  
In wells NOW-1 and NOW-2, a subtle shift from the smectitic trend for the shallower 
interval towards the illitic trend is noticeable (Figures 5.33 and 5.34). 
 
 
Figure 5.30. Cross-plot of density against sonic transit time for AIW-1.  
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Figure 5.31. Crossplot of density against sonic transit time for AIW-2.  
 
 
Figure 5.32. Cross-plot of density against sonic transit time for EIW-1.  
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Figure 5.33. Cross-plot of density against sonic transit time for NOW-1.  
 
 
Figure 5.34. Crossplot of density against sonic transit time for NOW-2.  
 
Temperature data 
Tables 5.1 and 5.2 show temperature gradient estimates for AIW-EIW and NOW wells. 
Temperatures from MDT tool were provided by the operator. Apparently poor temperature data, 
that were subjectively judged to be too low or too high by comparison with the general trend, 
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were discarded. For ten AIW-EIW wells, the average temperature gradient is 2.92 deg C /100 m. 
For three NOW wells, the average temperature gradient is 3.58 deg C /100 m. 
 
Table 5.1. MDT temperature data obtained from 10 AIW wells.  
 
 
Table 5.2. MDT temperature data obtained from three NOW wells.  
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5.3 Pore pressure prediction by the equivalent depth method 
Figures 5.35 and 5.36 show the results of pore pressure prediction in shales for the AIW-1 and 
NOW-1 wells using the equivalent depth method. As a preliminary step, the NCTs of Figures 5.7 
and 5.8 were created using clean shale intervals. 
From the respective NCT, a predicted pressure profile was then generated with the 
RokDoc software using the equivalent depth method. The generated pressure profile was further 
constrained with measured pore pressures. 
 
 
Figure 5.35. Predicted (green) and measured (triangles) pore pressures for AIW-1. The mud 
weight is shown in blue.  
 
106 
 
 
Figure 5.36. Predicted (dark blue) and measured (triangles) pore pressures for NOW-1. The mud 
weight is shown in pink.  
 
5.4 UBD zones in wells AIW-1 and NOW-1  
By comparing predicted pore pressures with measured pore pressures and mud weight in Figures 
5.35 and 5.36, it was then possible to identify zones that were drilled underbalanced. Well AIW-
1 had two zones from 1055 m to 1370 m and from 1905 m to 2105 m (Figure 5.37) that are 
indicative of underbalanced drilling and/or poor lithology discrimination; otherwise, predicted 
pressure matches well history quite well up to 2200m TVDML. In well NOW-1, predicted shale  
pressure is successful to about 2000m, beyond this depth underbalanced drilling is suggested;  
underbalanced drilling effect seen from 910 m to 1400 m is attributed to lithology effect. (Figure 
5.38). Detailed results of observed mudlog and drilling signatures seen in the UBD zones are 
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discussed in chapter 7; underbalanced drilling is invoked only if drilling and mud log data 
support indications of UBD   
 
Figure 5.37. UBD zones identified in AIW-1.  
 
Figure 5.38. UBD zones identified in NOW-1.  
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Chapter 6 
Results of Shale Pressure Prediction and Underbalanced Drilling  
Examples from UNE-AOE Wells 
 
Nine wells were screened in UNE and AOE fields as potential candidates for inclusion in this 
study, from three different operating companies. Both UNE and AOE fields are located to the 
east of Charcot Fracture Zone (Figure 6.1) in water depths ranging from 500 m to 1500 m. After 
editing and checking the wireline logs, seven wells were selected and evaluated for pore pressure 
and UBD. Two of the wells analysed, UNE-5 and AOE-4G1, were noted to have zones drilled 
underbalanced. 
 
Figure 6.1. Map of Western and Southern sedimentary lobes in the offshore Niger Delta Basin 
showing the approximate locations of wells in UNE and AOE fields.  
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The aims in this chapter are to present results of (1) shale pore pressure prediction from 
density using equivalent depth method; (2) report indications of the presence or absence of 
unloading as a contributory mechanism to overpressure development; and (3) identify zones with 
UBD, i.e., intervals drilled with lower mud weight than measured or estimated pore pressure 
gradients. This chapter begins with geological background information on the UNE and AOE 
fields in section 6.1. The data analysis is described in section 6.2, and the results wells identified 
with UBD from pressure–depth plots are presented in section 6.3.    
 
6.1 Geological setting 
The structural setting of the individual fields is sparingly discussed due to the lack of relevant 
data and any seismic interpretation from the operators. The wells in this study are located mainly 
in the inner thrust belt which comprises the mud diapir province and translational basin of deep 
water Niger Delta (Figure 5.2), as described in section 5.1.1.  
 In the absence of high resolution palaeontology and core data, the chronostratigrahic 
intervals in the Niger Delta are quite difficult to place, as described in section 5.1.2. Formation 
tops have not necessarily been picked consistently, even for wells in the same field. For example, 
in UNE-4 and UNE-5, the top of the upper Miocene was picked at 711 m and 531m, while for 
the middle Miocene the tops were picked at 2286 m and 1523 m, respectively, and the top of the 
lower Miocene in UNE-5 was picked at 2470 m. All depths are TVDml. In AOE-1, tops of late, 
middle and early Miocene were picked at 2020 m, 3320 m, and 3925 m (MD), respectively. 
Based on the tops shown in Figure 6.2a, the middle to late Miocene intervals thin from UNE-4 to 
UNE-5. Since no tops were provided for AOE-4G1, a similar comparison cannot be made for 
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AOE wells. However, the early to middle Miocene interval in well AOE-1 is much thinner than 
in the UNE wells.  
 
 
 
Figure 6.2. Chronostratigraphic tops for (a) UNE-4 and 5, and (b) AOE-1.  
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6.2. Results of analysis from UNE and AOE fields 
6.2.1 OVB 
The OVB is generated from the density log (RHOB) using Ikon Science’s RokDoc software, as 
described in section 5.2.1. Figures 6.36.6 show examples of the OVB generated for UNE and 
AOE wells. Except where stated otherwise, all depths are referenced true vertical depths below 
mudline (TVDml) and pressures are in pounds per square inch (psi); these choices are mainly a 
matter of convenience.  
The top and bottom densities observed in each well, even from the same field, show some 
variation. In general, relative to AIW-EIW and NOW fields, density log data for wells in this 
area are of poor quality. This in part has affected the density value used to constrain the top 
densities in particular. However, experience, judgment, and knowledge of sediment compaction 
at shallow depths have been use to constrain the data. To generate a composite OVB for UNE-4 
and UNE-5 would be unsatisfactory because density values in the deeper section in both wells 
were very different, so results of OVBs for individual wells are provided for UNE and AOE 
wells (Table 6.1). Overall, based on calculations from logged densities, the overburden gradient 
for the two wells ranges from 0.80 to 0.96 psi/ft. The leak-off pressure (LOP) data used are those 
acquired by operators during LOTs in compacted mudrocks. The pressure values obtained from 
this operation are used as a proxy for the minimum principal stress. 
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Figure 6.3. Left: Density profile generated for well UNE-4. Right: OVB stress profile for the 
same well calculated from the density profile.  
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Figure 6.4. Left: Density profile generated for well UNE-5. Right: OVB stress profile for the 
same well calculated from the density profile.  
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Figure 6.5. Left: Density profile generated for well AOE-1. Right: OVB stress profile for the 
same well calculated from the density profile.  
 
 
Figure 6.6. Left: Density profile generated for well AOE-4G1. Right: OVB stress profile for the 
same well calculated from the density profile.  
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Table 6.1. Top and bottom densities and coefficients used for density profiles in UNE and AOE 
wells.  
 
6.2.2 NCT 
An NCT was generated for shales in each well with RokDoc using equation 5.1. Shales were 
selected using Gardner’s velocity-density relationship (see equation 3.9) as the first step (Figure 
5.6). A GR cut-off value in the range 80–90 API was then applied for further filtering. A final 
constraint of Vsh ≥ 65%  (see equation 4.1) was also applied, and the data points removed are 
greyed out zones in Figure 5.7. The greyed-out zones in the NCT plots are the sand intervals that 
were filtered out (Figures 6.8 and 6.9).  
Two main challenges with NCT construction on this study were the lack of data at 
shallow depths, and the top of overpressure in most of the wells is very shallow. In such cases, 
experience and knowledge of local geology was used to constrain density at mudline. This 
situation is not peculiar to the Niger Delta area. Overpressure at or close to mudline have been 
reported by others. Based on regional and high-resolution 3D seismic velocity and rock models, 
Banic et al. (no date) reported the onset of overpressure at seafloor in an un-named deep water 
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basin offshore West Africa. Also, Bowers (2002) reported that in the deepwater Gulf of Mexico, 
overpressure can start within a few hundred feet of the seafloor.  
In wells UNE-4 and UNE-5, the NCTs for density show that undercompaction begins at 
about 600 m to 900 m below mudline (Figure 6.8). In AOE-1 and AOE-4G1, the top of 
undercompaction is hard to place due to limited density data. However, judging from the NCT in 
AOE-1 and AOE-4G1, undercompaction begins at 1100 m and 1200 m respectively.  
 
 
 
Figure 6.7. An example of Gardner’s plot of density against velocity filtered with a GR 
threshold value of 90 API to pick data points from cleanest shales. The green line on the plot is 
the shale-bounding curve.  
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Figure 6.8. Left: Density-generated NCT for well UNE-4. Right: Density-generated NCT for 
well UNE-5.  
 
 
Figure 6.9. Left: Density-generated NCT for well AOE-1. Right: Density-generated NCT for 
well AOE- 4G1.  
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6.2.3 Plots generated from log data 
Results from wireline logs recorded in the UNE and AOE wells are presented in this section. The 
density, velocity, and resistivity logs were quality checked and discriminated for clean shale, as 
discussed in section 4.1. The logs were then plotted for examination of trends. The rationale for 
the use of cross-plots in pressure analysis has been discussed in section 3.5. Using examples 
from the UNE and AOE fields, results from two categories of cross-plot are presented here: 
firstly, those that are used to infer whether unloading, in general, has contributed to overpressure 
and, secondly, those that are used to infer whether, specifically, smectite-to-illite transformation 
has occurred in the system. 
Depth profiles for density, velocity and resistivity 
Figures 6.106.13 are the depth profiles of density, velocity and resistivity for wells UNE-4, 
UNE-5, AOE-1 and AOE–4G1, plotted individually. The idea is to check whether reversals have 
occurred at the same depth in all of the log types, or just in some, both to look for and also to 
choose appropriate pore pressure prediction methods (Bowers, 1995, 2001; Lahann, 2001; 
Katahara, 2003, 2006). 
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Figure 6.10. UNE-4 well depth plots of density, sonic velocity and resistivity.  
 
 
 
Figure 6.11. UNE-5 well depth plots of density, sonic velocity and resistivity. Labels A, B, and 
C are used to highlight intervals of trend changes.  
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Figure 6.12. AOE-1 well depth plots of density, sonic velocity and resistivity.  
 
 
Figure 6.13. AOE-4G1 well depth plots of density, sonic velocity and resistivity.  
 
 In well UNE-4 (Figure 6.10), the general trend is increasing density and velocity with 
depth until ~2350 m, where reversals are seen on both logs. The resistivity log in this well does 
not reach 2350 m depth. In well UNE-5 (Figure 6.11); velocity, density and resistivity logs have 
normal trends down to ~1100 m. Three general observations are made regarding log trends 
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below that depth. First, between 1100 m and 1500 m there is a clear reversal on the sonic and 
resistivity logs, and there is no density increase over the same interval. Secondly, there is also a 
decreasing trend from 1500 m to ~2300 m, observable on all three logs. And finally, between 
2350 m and 2500 m is a zone with higher density, velocity and resistivity.  
 In well AOE-1, a reversal at 1800 m is seen on the velocity and resistivity logs at 2500 m 
(Figure 6.12), and there is a reversal on all the logs at 2500 m. The latter reversal most likely 
results from a change in lithology because, as previously discussed, the density log is insensitive 
to unloading because storage pores do not expand significantly during unloading. In the AOE-
4G1 well, the general trend follows a normal trend and no apparent reversal is noticeable (Figure 
6.13).  
Vertical effective stress (VES) 
Measured formation pressure from MDT, RFT, or RCI tools and calculated overburden (OVB) 
were processed with the Ikon Science RokDoc software to generate depth plots of VES. The 
software interpolates between pressure measurements to give a continuous VES profile. The 
generated VES profiles were checked for any apparent bad data, and the final results are shown 
in Figures 6.14 and 6.15. The gaps in the trends are sand intervals that have been filtered out 
since only shale intervals are of interest. 
In the UNE-4 well, a VES reversal is seen from ~1830 m to 2100 m (Figure 6.14); below 
this depth pressure data were unavailable. In UNE-5, small reversals are seen at 700–800 m, 
1700–1710 m, and 1900–2100 m (Figure 6.14). The VES from 1150 m to 1700 m remains 
approximately constant. The plot shows data to a maximum depth of ~2190 m, where the deepest 
measurement of pore pressure was taken. 
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Figure 6.14. Depth plots of VES for well UNE-4 (left) and UNE-5 (right).  
 
 
Figure 6.15. Depth plots of VES for well AOE-4G1 (left) and AOE-1 (right).  
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In well AOE-4G1, small reversals are seen at 1890–1970 m and 2180–2280 m (Figure 
6.15). In well AOE-1, there is a plateau in VES at 1720–1900 m and a strong reversal below 
2450 m (Figure 6.15). Are these reversals due to unloading? The answer will be explored in 
chapter 8 with the use of additional cross-plots.  
Velocity–VES cross-plots 
Figures 6.16–6.19 are cross-plots of sonic velocity against VES for wells UNE-4, UNE-5, AOE-
1. The plot for the UNE-4 well (Figure 6.16) shows a single trend through the shallow and deep 
intervals. Velocity increases with increasing VES down to ~1830 m. At greater depths, VES 
reverses, yet the data appear to track the trend of the shallow data down to ~2100 m, although 
there is an upward kick in velocity for the deepest data points which may, or may not, be 
significant. The UNE-5 well plot (Figure 6.17) is quite similar to UNE-4 in that there are 
reversals in VES at depth, and the data points in the reversals fall on the same trend as the 
shallower data.  
 There is quite a lot of scatter in the velocity–VES cross-plot for well AOE-1 (Figure 
6.18). Nevertheless, it appears possible that the data are scattered around a single trend, even 
though there are several intervals where data points cluster above or below the average trend, 
both at shallower levels and within the VES reversal. The trend in well AOE-4G1 is a 
straightforward increase in velocity (Figure 6.19), which is expected considering the overall 
increase in VES with depth evident on Figure 6.15. 
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Figure 6.16. Cross-plot of velocity against VES for UNE-4.  
 
 
Figure 6.17. Cross-plot of velocity against VES for UNE-5.  
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Figure 6.18. Cross-plot of velocity against VES for AOE-1.  
 
 
Figure 6.19. Cross-plot of velocity against VES for AOE-4G1.  
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Density–VES cross-plots 
The density–VES trend in well UNE-4 (Figure 6.20) is quite similar to the trend seen in the 
velocity–VES plot. The interval 500–1750 m shows a general trend of increasing density with 
VES. Reversal of VES begins at 1830 m with density values that track the shallower interval 
until a depth of 2000 m, below which the density fluctuates around an approximately constant-
value trend. In well UNE-5 (Figure 6.21), density increases with VES from 500 m to 1250 m. 
Reversal in VES starts at 1600 m with an almost constant density value.  
 The plot for well AOE-1 (Figure 6.22) generally shows that density increases with VES. 
In the VES reversal, below 2450 m, the average density value is slightly greater than the 
shallower trend, but the difference may not be significant. In well AOE-4G1, density increases 
with VES from shallow to deeper intervals (Figure 6.23), which is expected considering the 
overall increase in VES with depth evident on Figure 6.15. 
  
 
Figure 6.20. Cross-plot of density against VES for UNE-4.  
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Figure 6.21. Cross-plot of density against VES for UNE-5.  
 
 
Figure 6.22. Cross-plot of density against VES for AOE-1.  
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Figure 6.23. Cross-plot of density against VES for AOE-4G1.  
 
Velocity–density cross-plots 
Figures 6.24–6.27 show velocity–density cross-plots for wells UNE-4, UNE-5, AOE-1, and 
AOE-4G1. In well UNE-4 (Figure 6.24), the general trend is an increase in velocity with density 
from 500 m to 1700 m, and the gradient of the trend steepens with depth. The second trend for 
data points below 1750 m lies slightly to the right of the main trend. 
In well UNE-5 (Figure 6.25), there is a trend of velocity increasing with density through 
the shallow interval from 500 m to 1300 m. The second trend for data from depths below ~1500 
m lies to the right of the shallow trend: density values are higher for a given velocity, and 
velocity values are lower for a given density.  
In well AOE-1 well (Figure 6.26), the shallow trend in the interval 1250–1800 m is 
similar to that in wells UNE-4 and UNE-5. The trend of the deeper points below ~2000 m depth 
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is more scattered, and overall is not significantly different from the shallow trend. In well AOE-
4G1 (Figure 6.27), the shallow data again have the same trend, and the deeper data below ~2200 
m are suggestive of the same deeper trend as the UNE-4 and UNE-5 wells. 
 
 
 
Figure 6.24. Cross-plot of velocity against density for UNE-4.  
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Figure 6.25. Cross-plot of velocity against density for UNE-5.  
 
 
Figure 6.26. Cross-plot of velocity against density for AOE-1.  
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Figure 6.27. Cross-plot of velocity against density for AOE-4G1.  
 
Density–sonic transit time cross-plots 
The overall trends in Figures 6.28–6.31 are, of course, similar to those seen in Figures 6.24–6.27, 
given that the sonic transit time is the reciprocal of velocity and the axes have been switched. 
This plot was introduced by Dutta (2002) to show compaction trends of smectite-rich and illite-
rich shales in the GoM. It can be seen here that as depth increases, points generally shift from the 
smectite-rich line towards the illite-rich line.  
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Figure 6.28. Cross-plot of density against sonic transit time for UNE-04 well. 
  
 
 
Figure 6.29. Cross-plot of density against sonic transit time for UNE-05 well.  
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Figure 6.30. Cross-plot of density against sonic transit time for AOE-01 well. 
  
 
 
Figure 6.31. Cross-plot of density against sonic transit time for AOE-4 well. 
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Temperature data 
Tables 6.2 and 6.3 show temperature gradient estimates for UNE and AOE wells. Temperatures 
from the MDT tool were provided by the operators. Apparently poor temperature data, that were 
subjectively judged to be too low or too high by comparison with the general trend, were 
discarded. For eight UNE wells, the average temperature gradient is 3.77 deg C /100 m (Table 
6.2). For 10 AOE wells, the average temperature gradient is 3.56 deg C /100 m (Table 6.3).  
 
Table 6.2. MDT temperature data obtained from eight UNE wells.  
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Table 6.3. MDT temperature data obtained from 10 AOE wells.  
 
6.3 Pore pressure prediction by the equivalent depth method 
Figures 6.32 and 6.33 show the results of pore pressure prediction in shales for the UNE 
and AOE wells using the equivalent depth method. The generated pressure profile was further 
constrained with measured pore pressures.  
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Figure 6.32. Left: Predicted (red) and measured (triangles) pore pressures for well UNE-4. 
Right: Predicted (cyan) and measured (triangles) pore pressures for well UNE-5. Mud weight in 
black.  
 
 
Kick 
Kick 
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Figure 6.33. Predicted (blue) and measured (triangles) pore pressures for AOE-4G1. The mud 
weight is shown in orange.  
 
6.4 UBD zones in wells UNE-05 and AOE-4G1  
Figures 6.34 and 6.35 show the measured and predicted pore pressures in wells UNE-5 and 
AOE-4G1, respectively, and the mud weight used to drill each section of each well. In well 
UNE-05, a zone of UBD is apparent from 1330 m to ~2000 m, and in AOE-4G1 there is a zone 
of UBD from 750 m to 1300 m. Detailed results of observed mudlog and drilling signatures seen 
in the UBD zones are discussed in chapter 7. In addition to observed differences between 
predicted and measured pore pressure and MW; underbalanced drilling is invoked only if zones 
are corroborated with drilling parameters and mud log data. 
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Figure 6.34. UBD zones identified in UNE-5.  
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Figure 6.35. UBD zones identified in AOG-4G1.  
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Chapter 7 
Drilling Evidence of UBD in AIW-1, NOW-1, AOE-4G1 and UNE-5 
Wells 
 
The UBD zones identified from pore pressure estimation in shales, as described in sections 5.4 
and 6.4, are compared in this chapter with indications of UBD from drilling, mudlogs, and 
EOWRs. Only those wells identified with UBD zones in section 5.4 (i.e., AIW-1 and NOW-1) 
and section 6.4 (i.e., AOE-4G1 and UNE-5) are covered. The wells are dealt with successively in 
the four sections of this chapter. Each section begins with a general description of the UBD zone 
or zones identified from the pressure–depth plot by comparing measured pore pressures and mud 
weight with pore pressures predicted in shales from the density log, using the equivalent depth 
method. Then, depending on availability, UBD zones are checked against mudlog, drilling, and 
well reports for corroboration. Specifically, the caliper log, TG, CG, ROP, Dxc, torque, and 
sample descriptions on the mudlog are checked over the UBD zones on the pressure–depth plots. 
 
7.1 AIW-1 well 
Well AIW-1 is the only one of the three wells analysed in the AIW-EIW field that has UBD 
identified on the pressure–depth plot (Figure 7.1). Due to the absence of measured pore 
pressures, inference of UBD in the top section of hole is based on the predicted pore pressure 
exceeding MW. However, in the lower UBD zone, UBD identification is based on comparison of 
MW with measured and predicted pore pressures, both of which are greater than MW.  Two 
zones of UBD were identified, over the intervals 25102880 m and 3475–3585 m. All depths in 
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this chapter are measured depths. For evidence of UBD from drilling and mudlog data, 
delineated zones are compared with the caliper log, ROP, Dxc, TG, and torque data. Below is a 
presentation of results from selected intervals to illustrate the relationship between UBD 
identified on the pressure–depth plot and drilling data.  
 
 
Figure 7.1. GR and caliper logs (left panel) and pressure–depth plot (right panel) with UBD 
zones identified at 2510–2835 m and 34753585 m in well AIW-1.  
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Interval 2470–2580 m 
Comparison of the caliper log and bit size (BS) shows two zones of greater washout in the sand-
shale beds below 2500 m and 2540 m (red circles in Figure 7.2). The ROP trend is quite erratic 
within this interval and it is difficult to establish a clear trend. Except for the drilling breaks at 
2510 m and 2534 m, the other drilling breaks seen on the plot appear to correlate with lithology 
change. The Dxc shows a decreasing trend with depth down to the shale at the bottom of the 
interval. The TG started out low at the top of the interval and progressively increases, peaking in 
the sand interval, and then decreases but remains higher than at the top of the interval. Although 
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Figure 7.2. Drilling logs from AIW-1 for the interval 2470–2580 m. Track 1: BS, caliper and 
GR logs showing washout zone at 24702570 m. Tracks 2–5: ROP, Dxc, TG and torque logs.  
 
the torque in this interval is somewhat erratic, it shows an increase from the top of interval down 
to about 2530 m, and then decreases until the top of the shale at the bottom of the interval. 
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Interval 2750–2860 m 
The top section of this interval shows severe hole washout (Figure 7.3). It is worth noting that 
the 13-3/8” casing shoe was set at about 2746 m and this in part may account for the severity of 
the hole washout in the section. In general, this interval has greater washout than the previous 
interval of 2470–2580 m. Several drilling breaks are seen on the ROP plot that do not correspond 
to lithology change. The trend seen on the Dxc plot is a decrease with depth, whereas the TG 
started out increasing with depth but flattens out from about 2770 m before increasing again at 
about 2810 m. The torque trend is similar to TG plot: it shows slight increase with depth for most 
of the interval before it started decreasing from about 2810 m. 
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Figure 7.3. Drilling logs from AIW-1 for the interval 2750–2860 m. Track 1: BS, caliper and 
GR logs showing washout zone over the whole interval. Tracks 2–5: ROP, Dc, TG, and torque 
logs.  
Interval 34803580 m 
Although this interval is the lower UBD zone identified in Figure 7.1, it has minor hole washout 
relative to the previous sections shown (Figure 7.4). The general trend observed on the ROP and 
TG is increase with depth; maximum ROP is seen in the shale interval at 3510–3550 m, and a 
similar trend is seen in TG with a peak between 3530 m and 3542m. Likewise, the Dxc shows a 
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declining trend down to 3510 m and then stays fairly constant all the way to the bottom of the 
interval. The torque trend decreases overall from the top to the bottom of the interval.  
 
 
 
Figure 7.4. Drilling logs from AIW-1 for the interval 3480–3580 m. Track 1: BS, caliper and 
GR logs. Tracks 2–5: ROP, Dxc, TG, and torque logs.  
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7.2 NOW-1 well 
Two UBD zones have been identified from the pressure–depth plot for the NOW-1 well at 
26213002 m and 3810–4257 m (Figures 7.5 and 7.6). The corresponding intervals on the 
caliper, ROP, TG and torque logs have been examined for complementary evidence of UBD. 
Results from selected intervals are presented to illustrate the relationship between identified 
UBD zones and drilling data. 
 In the upper UBD zone measured and/or predicted pore pressure is higher than MW for 
most part, therefore UBD is invoked here. Similarly, in the lower UBD zone the single 
measurement and is the predicted pore pressure are greater than MW – UBD is also invoked 
here.  
 
 
Figure 7.5. Pressure–depth plot for well NOW-1 with UBD zones identified at measured depths 
of 2621–3002 m and 3810 m to TD.  
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Figure 7.6. Well NOW-1 caliper log (left panel) and pressuredepth plot (right panel).  
 
Interval 2499–2621 m 
Figure 7.7 is a wellsite geological log in the 17” hole for this interval. The lithology is 
predominately shale, and was drilled with a mud weight of 9.0–9.1 ppg (1.08–1.09 g/cc). Torque 
increased from 3000 to 4000 kft lb from top to bottom of the interval. The average TG of 1.5% 
stays fairly constant for the whole section. 
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Figure 7.7. Wellsite geological log in the 17” hole section for the interval 2499–2621 m.  
 
Interval 2621–2896 m 
With the exception of the sand beds between 2685 m and 2690 m, the interval is predominately 
shale (Figure 7.8). Relative to the previous interval, immediately above, torque decreased in this 
section to 2000 kft lb. Though mud weight was increased to 9.3 ppg (1.11g/cc) in the section, the 
TG increased to 5% in the shale sections and peaked at 40% in the sands. TG character within 
the interval 2758–2896 m, though subtle, shows an increasing trend from top to bottom of the 
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interval (Figure 7.9). TG increased with depth in the shale section, reaching a maximum in the 
sand interval. At the final depth of 3798 m in the 12-1/4” hole section, torque increased to 8000 
kft lb and mud weight was raised to 9.6 ppg (1.15 g/cc). 
 
 
Figure 7.8. Wellsite geological log in 12-1/4” hole section for the interval 2621–2758 m.  
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Figure 7.9. Wellsite geological log in 12-1/4” hole section for the interval 2758–2896 m.  
 
Interval 3810–4257 m 
The caliper log in the 8-1/2” hole, in general, shows indications of hole washout. A more severe 
washout is seen between 4008 m and 4054 m (Figure 7.10). Also, the bottom section of the hole 
has more severe washout than the upper section of hole (Figure 7.10). What now follows are 
results of gas and other drilling indicators for sections within this interval. 
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Figure 7.10. Caliper log in the 8-1/2” hole interval 3810–4275 m. There is a major washout 
between 4008 m and 4054 m.  
 
 Figures 7.11 and 7.12 are the wellsite geological logs for the intervals 3810–3932 m and 
3932–4069 m, showing associated gas and drilling data profiles. The TG value is elevated, 
especially within the sand at the top of the section (Figure 7.12), and there is an increasing gas 
trend observed in the shale section between 3856 m and 3886 m. The BG for this section was 
0.24% with pipe connection gas (PCG) of 0.56% at 4033 m MD. The majority of the section was 
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drilled with a mud weight of 9.7 ppg (1.16 g/cc) until 4063 m, where it was increased to 9.8 ppg 
(1.17 g/cc). A maximum torque of 8000 kft lb was recorded in the interval. 
 
 
Figure 7.11. Wellsite geological log in 8-1/2” hole section for the interval 3810–3932 m.  
 
 The interval 4069–4257 m is a continuation of the 8-1/2” hole section. With the increased 
mud weight of 9.8 ppg (1.17 g/cc), BG (0.14%) and PCG (0.40%) decreased in the shale 
154 
 
between 4069 m and 4115 m (Figure 7.13). Below 4115 m, a progressive increase of PCG was 
observed with maximum of 2.38% at 4198 m. Likewise, maximum BG of 2.05% was recorded at 
 
 
Figure 7.12. Wellsite geological log in 8-1/2” hole section for the interval 3932–4069 m.  
 
4156 m. Mud weight was again increased to 1.17 g/cc at 4191 m, action likely necessitated as a 
result of gas-cut mud (Figure 7.14). 
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 As shown in Figure 7.14, drilling continued with mud weight of 1.17 g/cc until 4239 m, 
where PCG and BG increased to 15.48% and 14.58%, respectively. In addition, a gain of 8 bbls 
was recorded in the trip tank, a clear indication that the well was flowing. The gas was circulated 
out through choke and mud treated to increase the weight to 1.34 g/cc. Maximum gas of 73.6% 
was reported while stabilizing the well. Apparently, there was another episode of gas-cut mud 
here: mud weight was again increased from 1.17 g/cc to 1.36 g/cc and TD was called at 4257 m. 
 
 
Figure 7.13. Wellsite geological log in 8-1/2” hole section for the interval 4063–4203 m.  
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Figure 7.14. Wellsite geological log in 8-1/2” hole section for the interval 4191–4282 m.  
 
7.3 AOE-4G1 well 
In well AOE-4G1 a UBD zone is identified over the interval 750–1300 m TVDml (2036–2689 m 
MD) on the pressure–depth plot (Figure 6.35). In Figure 6.35 measured and predicted pore 
pressure track quite well, higher than the MW- an indication of UBD. For corroboration of UBD 
in this zone, wellsite geological logs of ROP, gas and caliper and the EOWR were used. Figures 
7.15–7.18 show plots of selected zones from the wellsite geologist’s report and annotations from 
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the EOWR. For convenience, the identified UBD zones are divided into four intervals and are 
presented below. 
 
Interval 2150–2280 m 
The top section of hole is relatively in-gauge for the most part; however, hole pack-off, trip gas 
of 12.04%, and mud losses of 20 m
3
 were reported at ~2150 m (Figure 7.15). Severe hole 
washout is noted after pipe connection from 2240 m, through the sand interval to the bottom of 
the section. In general, formation gas (FG) and TG increase from top to bottom of the section. 
For instance, after pipe connection at 2178 m, the FG value increased from 2.2% to 4.58% 
towards the end of the stand. A similar trend is seen after pipe connection at 2236 m, where TG 
and FG increase progressively, peaking at 3.05% in the shale above the sand interval at 2260 m. 
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Figure 7.15. Wellsite geological log in 12-1/4” hole section for the interval 2150–2280 m.  
Interval 2280–2345 m 
Unlike the section above, TG and FG within this section remained fairly constant at ~1%; even 
in the relatively washed out zone between 2290 m  and 2320 m (Figure 7.16). 
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Figure 7.16. Wellsite geological log in 12-1/4” hole section for the interval 2280–2345 m.  
 
Interval 2370–2495 m 
The highest gas value (3.17%) in this section is recorded in the washed out shale between 2380 
m and 2390 m (Figure 7.17). Slightly elevated gas seems to correspond to washed out zones 
within shale intervals.   
 
TG fairly 
constant @ 
~1% 
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Figure 7.17. Wellsite geological log in 12-1/4” hole section for the interval 2370–2495m.  
 
Interval 27302844 m 
Observed gas character is similar to that observed in the interval 2150–2280 m: after pipe 
connection, the TG value increases towards the end of each stand drilled. For example, after pipe 
connection at 2734 m and at 2763 m, FG increases from 2.12% to 3.65%, then to 3.72% towards 
the end of each stand drilled (Figure 7.18). Also, in the interval from 2800 m to 2844 m, FG 
increased from 3.01% to 3.3%. 
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Figure 7.18. Wellsite geological log in 12-1/4” hole section for the interval 2730–2844 m.  
 
7.4 UNE-5 well  
In well UNE-05, there is a zone of UBD is apparent from 1330 m to ~2000 m TVDml (Figure 
6.34), corresponding to 2176–2922 m MD. Here, measured and predicted pore pressure track 
quite well, so, where there are no measurements for comparison with MW, predicted pore 
pressure is used as a proxy. For convenience, the identified UBD zone is divided into four 
intervals for presentation below. 
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Interval 2200–2280 m 
Before the pipe connection at 2245 m, BGG remained fairly constant at 2% (Figure 7.19). After 
pipe connection, BGG increased to 4%; peaking towards the base of the interval (13-3/8” casing 
shoe) with 9.8% gas peak. Though the quality of caliper log is not as great, the section of hole 
from 2250 m is severely washed out and has corresponding increase in gas.  
 This interval of hole was drilled with a mud weight of 1.22 g/cc until the section TD of 
2290 m, and then the mud weight was increased to 1.24 g/cc. Partial losses were reported in the 
interval (Figure 15a). During wiper trip, the mud weight was further increased to 1.25 g/cc, and 
maximum torque of 6134 ft lb was reported. 
 
 
163 
 
Figure 7.19. Wellsite geological logs of ROP, BS, GR, CAL, and gas character for the interval 
2200–2280 m.  
Interval 2375–2500 m 
Although the mud weight was increased to 1.3 g/cc in this section, much higher CG of 26.3% is 
recorded (Figure 7.20). To counteract the high BG, the mud weight was further increased to 1.35 
g/cc at 2533 m. A maximum torque of 8674 ft lb was recorded in this interval. 
 
 
Figure 7.20. Wellsite geological logs of ROP, BS, GR, CAL, and gas character for the interval 
23752500 m. 
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Interval 2550–2650 m 
This section of hole continued with high level of FG (59.2%), CG 24.72%, and hole washout 
from 2565 m to 2590 m (Figure 7.21). Maximum torque of 10,745 ft lb was encountered in this 
section of hole. With a mud weight of 1.3 g/cc, a kick was picked at 2593 m with 1.7m
3
 mud 
gain. The well was killed with 1.43 g/cc mud weight, and subsequently drilled to final section 
TD (12-1/4” hole) at 2539 m with a mud weight of 1.47 g/cc. 
  
 
Figure 7.21. Wellsite geological logs of ROP, BS, GR, CAL, and gas character for the interval 
25502650 m.  
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Interval 2865–2950 m 
This section is the base of the UBD zone identified in Figure 6.34. The FG increases from ~4.2% 
to 16.5% towards the base of the section (Figure 7.22). Mud weight of 1.47 g/cc was used to drill 
to section TD at 2939 m and the 9-5/8” casing shoe was set at 2928 m. 
 While circulating prior to logging, and during wireline logging, kicks were picked at 
2939 m with an influx of 1 m
3
/hr and 0.6 m
3
/hr, respectively. The well was eventually killed with 
mud weight of 1.51 g/cc in the first instance, and 1.57 g/cc in the second instance. The 8-1/2” 
hole section drilling started with a mud weight of 1.6 g/cc. The maximum recorded torque for the 
section was 11,203 ft lb.  
 
Figure 7.22. Wellsite geological logs of ROP, BS, GR, CAL, and gas character for the interval 
28652950 m.  
166 
 
CHAPTER 8 
 Discussion, Conclusions and Suggestions for Further Work 
 
This chapter covers the evaluation, interpretation, implications, and conclusions of the results 
presented in chapters 5, 6, and 7 in relation to the study objectives. The original objectives of this 
study were three-fold: 
1. Estimation of pore pressure using density log, i.e., equivalent depth method. 
2. Identification of overpressure generation mechanisms other than disequilibrium compaction, 
i.e., unloading mechanisms. 
3. Identification of zones drilled underbalanced from pressure–depth plots with supporting 
evidence from drilling and mudlog data. 
 
 Most pore pressure work in the Niger Delta area (e.g., Owolabi et al., 1990; Opara & 
Onuoha, 2009; Ugonoh et al., 2012) uses a variety of data (sonic, density, and resistivity logs, 
and velocities from seismic data) for pore pressure evaluation. The widely cited mechanism for 
overpressure is disequilibrium compaction; however, depending on the reference depth and 
temperature, Cobbold et al. (2009), Opara & Onuoha (2009) and Swarbrick et al. (2011) have 
indicated that hydrocarbon generation and clay diagenesis are active mechanisms of overpressure 
generation in the Niger Delta. The results of this study have shown that the equivalent depth 
method using the density log, when properly calibrated with measured pore pressure data, can 
produce reliable pore pressure estimation down to certain depths. Although the predominant 
mechanism of overpressure generation is disequilibrium compaction, there are indications of 
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other mechanisms, especially smectite-to-illite transformation, at depths where the temperature 
exceeds 70°C. Finally, mudlog and drilling data validate and correlate with zones of UBD 
identified on pressure–depth plots. 
 This chapter is divided into three sections. In sections 8.1 and 8.2, wells within 80 km 
distance of the Charcot Fracture Zone and those at greater than 100 km distance from Charcot 
Fracture Zone are presented. Specifically, wells were evaluated using predicted pressure from 
density logs (i.e., equivalent depth method) and using cross-plots to infer the presence or absence 
of unloading. In addition, zones identified on pressure–depth plots with UBD were compared 
with drilling and mudlog data for traditional indications of UBD (i.e., gas, kick/flow, hole 
washout, drilling break/ROP, torque, etc.). The chapter ends in section 8.3 with the conclusions 
and suggestions for future work. 
 
8.1 AIW, EIW, and NOW wells 
8.1.1 Pore pressure prediction from density logs 
Based on results of pore pressure prediction from density logs for wells AIW-1, AIW-2, EIW-1, 
and NOW-1, it is apparent that there is good correlation between measured and predicted pore 
pressures in the shallow section (900–2100 m TVDml) of the wells (Figures 8.18.4). 
AIW-1 
It can be observed in well AIW-1, for example, that the predicted pore pressure tracks the mud 
weight quite well down to the top of the early Miocene at about 900 m TVDml (Figure 8.1). In 
the lower sections of the well, pore pressure is either under-predicted or over-predicted by the 
equivalent depth method. The reason for this discrepancy may in part be due to poor lithology 
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discrimination within the zone, although, Bowers (2000) and Alberty (2003) have indicated that 
the equivalent depth method generally does not work where unloading mechanisms are active. It 
can also be seen from Figure 8.1 that the shale interval at 2000 to ~2080 m creates a permeability 
barrier (seal), preventing hydraulic communication between sands in the early Miocene. 
 
Figure 8.1. GR, resistivity, and pressure–depth plots for well AIW-1, showing a transition into 
higher overpressure at the base of the early Miocene.  
AIW-2 
In well AIW-2, the predicted pore pressure tracks the mud weight quite well down to about 2000 
m depth (Figure 8.2). An apparent pressure reversal is seen in the shale interval between 2020 m 
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and 2220 m, and may be attributed to sandy nature of the interval. However, pressure in the 
underlying sandy interval is slightly over-predicted by equivalent depth method. Starting from 
the top of the early Miocene (~2600 m), though there are no measured pore pressure data within 
the interval, the predicted pore pressure increases drastically with a trend similar to the mud 
weight.  There are pronounced velocity and resistivity log reversals within the same zone (Figure 
5.10). 
 
 
Figure 8.2. GR, resistivity and pressure–depth plots for well AIW-2. Mud weight was increased 
below 2600 m in response to hole conditions related to overpressure.   
  
reversal 
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EIW-1 
In well EIW-1, the pore pressure predicted by the equivalent depth method does a good job of 
tracking the measured pore pressure until ~2100 m depth; at greater depths the pore pressure is 
either under-predicted or over-predicted (Figure 8.3). For example, the prediction from shale 
density is higher than the measured pore pressures in the sands for the interval between 2215 m 
and 2290 m. Assuming the predicted pore pressure from shale is accurate, it can be inferred that 
the sand at 22152290 m is in all likelihood laterally drained, which is the reason why the 
measured pore pressure is lower than the predicted. Also in this well, the shale interval between 
2310 m and 2400 m serves as a seal, preventing hydraulic communication between overlying and 
underlying sands. Additional overpressure due to hydrocarbon buoyancy appears to be present in 
the sand at 2400–2670 m because it is oil bearing (see resistivity log in Figure 8.3).  
Two features are also worth noting on Figure 8.3, beginning at 2700 m. First, there is a  
step-wise increase in mud weight towards the lithostatic gradient, apparently in response to down 
hole conditions indicating increasing overpressure. Second, there are reversals on both resistivity 
and velocity logs. The maximum depth on the density log data is 2600 m, so no predicted pore 
pressure is available at greater depths for comparison with mud weight and measured pore 
pressure. 
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Figure 8.3. GR, resistivity, density, sonic velocity, and pressure–depth plot for well EIW-1, 
showing shale seal at 23002400 m.  
NOW-1 
In well NOW-1, the predicted and measured pore pressures and the mud weight track fairly well 
until about 2000 m depth (Figure 8.4). Below 2200 m, the predicted pore pressure is 
overestimated, though measured pore pressure is slightly higher than MW. This is attributed to 
lithology influence and/or to use other methods of pore pressure prediction within the zone.  
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Figure 8.4. GR, density, sonic velocity, and pressure–depth plot for well NOW-1. The GR log 
was not run below ~2050 m depth.  
 
8.1.2 Indications of unloading mechanisms 
The second objective of this study was to determine whether mechanisms other than 
disequilibrium compaction, in particular smectite-to-illite transformation, contribute to 
overpressure in the wells studied. If water released from smectite to illite conversion is unable to 
escape, it will contribute to overpressure. To address this issue, discussions and interpretations of 
density, velocity, and resistivity logs and cross-plots are presented in this section.  
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Figures 5.95.12 show the density, velocity, and resistivity log plots for the AIW-1, 
AIW-2, EIW-1, and NOW-1 wells. Interpretation of these plots is based on the premise that if a 
reversal is seen within the same interval on density, velocity, and resistivity logs, unloading is an 
unlikely mechanism of overpressure generation. In such cases, the reversals can be attributed to 
undercompaction and/or lithology change. On the other hand, if there are reversals on sonic and 
resistivity logs but not on the density log, then unloading is likely to be contributing to 
overpressure (e.g., Bowers, 1995; Lahann, 2001; Katahara, 2003, 2006). 
AIW-1 
Logs in well AIW-1 show no apparent reversals. Based on the data in Figure 5.9, the dominant 
mechanism of overpressure generation down to 2300 m depth is disequilibrium compaction. 
 Figures 5.15 and 5.20 are the velocity–VES and density–VES plots for well AIW-1. Two 
trends are noticeable on the plots: an upper trend corresponding to data points below 2100 m, 
with VES reversal, higher velocity, and higher density values; and a lower trend that corresponds 
to depths less than 2100 m, without any reversal. Ordinarily, the upper trend in these plots would 
be interpreted as indications of smectite-to-illite transformation, but the temperature within the 
interval is rather low for smectite-to-illite transformation. Also, the plots are limited to a total 
depth of 2275 m – the deepest pressure measurement point available for the well.  
Figure 5.30 is the cross-plot of density and sonic transit time. Based on the estimated 
temperature gradient of 2.92 deg C/100 m for the field, assuming there is sufficient K
+
 in the 
system, conversion of smectite to illite should be underway by ~2400 m depth. Figure 5.30 
shows that data points shift up towards the illite-rich line from about 2000 m. It can be 
suggested, based on the Figure 5.30 and calculated temperature that the interval from ~ 2000 m 
to 2300 m is more illite-rich, or less smectite-rich, but the differences are likely due to 
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depositional differences rather than a consequence of clay diagenesis. The predominant 
mechanism of overpressure generation at the depths under investigation is this well appears to be 
disequilibrium compaction. 
AIW-2 
The logs for well AIW-2 show reversals at 2600 m in density, velocity and resistivity (Figure 
5.10), coinciding with a transition from low to moderately high overpressure (Figure 8.2). 
Assuming a temperature gradient of 2.92 deg. C /100 m, the calculated temperature of 80°C at 
the top of the interval is within the smectite-to-illite conversion window, and raises the 
possibility that the interval may be unloaded as a result of sm-ill conversion. However, reversals 
seen on all the three logs pose a challenge in affirmatively suggesting the presence of unloading 
within the interval. 
 The cross-plots with VES are not discussed in this section because there are no direct 
measurements of pore pressure below 2600 m. Figures 5.26 and 5.31 are the velocity–density 
and density–sonic transit time cross-plots for well AIW-2. Below about 2750 m there is a larger 
drop in velocity than in density relative to the shallower trend, suggestive of lithological or 
mineralogical variability and the temperatures in this interval are consistent with smectite-to-
illite transformation. However, there is no reversal on these cross-plots that would suggest 
unloading has occurred from sm-ill conversion.  
 The preferred interpretation from all observations made so far in this well is that the 
predominant overpressuring mechanism is disequilibrium compaction. There is strong evidence 
of illitization from the density–sonic cross-plots, and the water released by this reaction would 
presumably have contributed to the maintenance of overpressure, but there is no specific 
evidence of unloading. The transition from low to moderately high overpressure is consistent 
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with disequilibrium compaction and a sealing layer of low permeability at a present depth of 
~2500–2600 m, possibly extending to greater depths. 
EIW-1 
In well EIW-1, there are reversals on velocity and resistivity logs at 2800 m but the density log 
was not run deep enough to observe if there is a reversal at the same depth or not (Figure 5.11). 
The calculated temperature of 86°C for the depth would suggest that smectite–illite conversion is 
already in progress. Based on the logs alone, it is risky to infer or dismiss unloading in this well 
as a result of smectite-illite conversion.  
 The VES cross-plots for well EIW-1 are shown in Figures 5.17 and 5.22. The interval 
2300–2350 m shows reversal of both velocity and VES (Figures 5.11, 5.17 and 8.3). The VES 
reversal also shows in Figure 5.22, but over the available depth range the density continues the 
shallow trend (Figure 5.11). Ordinarily, the velocity reversal without density reversal in the 
interval 2300–2350 m could be interpreted as an indication of unloading. However, the estimated 
temperature of ~65°C is insufficient for smectite–illite conversion and hence ruling out 
possibility of unloading from smectite-illite conversion. The preferred suggestion here is that, 
unloading is unlikely within the interval, and the difference in response between velocity and 
density is due to lithology difference. 
 The density–sonic transit time cross-plot (Figure 5.32) shows clustering of data, 
especially in the deeper interval, between the smectite and illite lines. The density log was 
limited to 2600 m depth, where the temperature is estimated to be ~80°C, which suggests that 
smectite–illite conversion would be under way, but the evidence for that on this cross-plot is 
weak. The absence of density data to correlate with the reversal on the sonic and resistivity logs 
at 2800 m is unfortunate, and precludes any definite conclusion about unloading. However, by 
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analogy with well AIW-2, the preferred interpretation must be that the dominant mechanism of 
overpressure generation is disequilibrium compaction. Smectite–illite transformation is taking 
place at depth, and may be inferred to have contributed to the maintenance of overpressure, but 
there is no evidence that unloading has occurred from such conversion. 
NOW-1 
In well NOW-1, reversals are seen on sonic and density logs at 2000 m (Figure 5.12); a 
resistivity log is not available for this well. Using the estimated temperature gradient of 3.58 deg 
C / 100 m, at 2000 m and deeper this well is within the smectite-to-illite conversion window. 
Considering the mud weight trend at depths below 2000 m and expected temperature for the 
interval, it can be said that, in all likelihood, smectite-illite transformation is contributing to 
overpressure at greater depth in this well. Unfortunately, wireline logs were not run deep enough 
to enable evaluation of the deeper intervals. 
The simple nature of NOW-1 cross-plots relative to previous wells is quite striking. For 
example, Figures 5.18, 5.23 and 5.28 all show increase from the shallow to deep section of well 
and no reversal of VES is apparent. The limitation with interpretation based on these plots is that 
it does not reflect what happens below 2000 m. This is because the GR log which was used to 
discriminate shales did not log below 2000 m in this well, effectively limiting filtered data to 
maximum depth of 2000 m. Based on these plots, it can be said affirmatively that disequilibrium 
compaction is the dominant mechanism up to about 2000 m.  
Figure 5.33 is the density–sonic cross-plot; the deeper interval plots closer to the illite 
line but there is no clear cut illite-rich trend. Based on temperature gradient of 3.58 deg C /100m 
calculated for the NOW wells, it is expected that sm–ill conversion would commence at about 
2000 m. Pressure increases step-wise into hard overpressure at 2500 m (temperature ~90 deg C). 
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There is no clear evidence of unloading due to smectite-illite conversion above this depth 
because predicted pore pressures are unreliable without the GR log to filter shales, but there is 
circumstantial evidence of smectite-illite transformation below 2000 m, which would contribute 
to the maintenance of overpressure, and the single pressure measurement at 2500 m depth 
suggests that beds below that depth may be unloaded.  However, we lack the necessary log data 
to confirm this interpretation.  
 
8.1.3 UBD prediction 
AIW-1 
Results obtained by comparing predicted and measured pore pressures and mud weight (Figure 
7.1) shows that intervals 2510–2835 m and 3475–3875 m were drilled underbalanced in well 
AIW-1. Both mudlog and drilling log data have confirmed that (Figures 7.2, 7.3, and 7.4). 
 
Interval 2470–2580m  
Figure 7.2 show plot of GR, BS, caliper, ROP, TG, and torque for the interval 2470–2580 m. The 
interval between 25002540 m (red circle) shows higher wash out compared to the other 
sections. This is consistent with increased torque seen in this section of hole, i.e., with more 
cuttings and/or cavings in hole torque has increased. Also, the TG within the interval generally 
increases with depth, especially in the washout intervals. Increased ROP (drilling break) 
recorded at 2510 m and 2534 m coupled with decreasing Dxc with depth both point to the 
intervals being undercompacted with overpressure due to disequilibrium compaction, and the 
likelihood of UBD.  
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Interval 2750–2860m 
Observations in Figure 7.3 are similar to those made in Figure 7.2. The severity of wash out seen 
in the top section cannot all be attributed to UBD. Considering the fact that 13-3/8” casing was 
set in this part of hole at 2746 m, the associated cementing job, LOT, and other related 
operations can potentially contribute to hole washout state observed in the section. 
However, relative to the previous interval (2470–2580 m), this section of the hole shows 
greater washout, in particular interval between 2790 m and 2810 m. The recorded TG in the 
section is still a lot higher than the background gas, and increased even further at 2810 m. The 
drastic increase in TG observed at 2810 m is presumably due to the cumulative effect of gas 
entering the hole from the upper section, which was drilled UBD, and decreasing the mud 
weight. In addition to the observations made above, drilling breaks in the shales, and the 
decreasing Dxc trend with depth are all pointers to UBD within the interval. 
 
Interval 3480–3580m  
This interval is the lower UBD zone identified on the pressuredepth plot in Figure 7.1. Though 
indicated as UBD zone based on pressuredepth plot data, relative to the previous zones this 
section shows minor hole washout (Figure 7.4). The general trend on the ROP and TG is increase 
with depth. The maximum ROP is seen in the shale interval at 3510–3550 m; likewise, the Dxc 
within the same interval shows a declining trend, suggesting undercompaction and possible 
overpressure. TG gradually increases from about 3510 m, and peaks between 3530m and 3542m; 
this is characteristic of an UBD zone. However, the torque trend decreases from top to bottom of 
the section, suggesting a relatively clean hole, i.e., fewer cuttings/cavings; this character is 
consistent with the caliper log signature. 
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Overall, the ROP, Dxc, torque, and TG shown on the plots are indicative of UBD and in 
agreement with prediction made from density pore pressure prediction in Figure 7.1.  
NOW-1 
17” hole: interval 2499–2621 m 
A sample of the wellsite geological log in the 17” hole section for the interval 2500–2621 m is 
shown in Figure 7.7. The interval was drilled with mudweight of 9.0–9.1 ppg, while background 
gas remained steady at 1.5 %. At section TD, torque had increased by 30%. It should be noted 
that increased torque may not be solely due to the effect of UBD. However, within this interval, 
increased torque is the strongest indication of likely UBD. 
 
12-1/4” hole: interval 2621–2896 m 
In this section of hole, the torque started at 50% less than recorded at the end of 17” hole section. 
Despite starting the section with a mud weight of 9.3 ppg; TG increased to 5% in the shale 
section and peaked at 40% in the sands (Figure 7.8). By section TD at 3798 m MD, torque had 
increased to 8000 kftlb and mud weight was raised to 9.6 ppg. 
It is apparent that, gas % and torque increased as drilling progressed from the 17” hole to the end 
of the 12-1/4” hole. Both the torque and especially the gas pattern seen in the 17” and 12-1/4” 
hole are all indicative of UBD, and corroborate pore pressure predicted from density (Figure 
7.5). 
 
8-1/2” hole: interval 3810–4257 m 
In this section of hole, the CG, gas-cut mud, and mud pit gain are all pointers to the fact that the 
section was drilled UBD. In addition to the UBD indicators mentioned above, though secondary, 
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the caliper log shows severe washout in the interval 4008–4054 m (Figure 7.9). What now 
follows are results of gas and other drilling indicators within specific intervals.  
Interval 3810–4069 m 
In Figures 7.11 and 7.12, the sands at the beginning of section show relatively high TG. In the 
shale section between 3856 m and 3886 m, the gas trend begins to increase then remains 
constant. Apparently in response to increasing pore pressure downhole, mud weight was 
increased from 9.6 ppg to 9.8 ppg while drilling this interval. 
 
Interval 4069–4257m 
In the interval 4069–4115 m, BG decreased to 0.14% and PCG to 0.40% at 4074 m. Apparently, 
the increase in mud weight to 9.8 ppg from the previous interval had suppressed the gas (Figure 
7.13). Subsequently, a steady increase of PCG was observed with maximum of 2.38% at 4198 m. 
Likewise, maximum BG of 2.05% was recorded at 4156 m. At this point gas-cut was noticed 
(i.e., recorded MWin of 9.8 ppg was higher than MWout of 9.7 ppg). The gas-cut mud is a strong 
and positive indication that within the interval the well was flowing, and the hole is 
underbalanced (Figure 7.13). 
As shown in Figure 7.14, mud was treated and drilling continued with MW of 9.8 ppg 
until 4239 m where CG and BG increased drastically to 15.48% and 14.58%, respectively. In 
addition, a gain of 8 bbls was recorded in the trip tank. These are indications that the well was 
flowing and underbalanced. The gas was circulated out through choke and mud treated and 
weighted up to 11.2 ppg. Maximum gas of 73.6% was reported while stabilizing the well. 
Apparently, from the drilling reports, there was another episode of gas-cut mud here; mud was 
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again treated and increased from 9.8 ppg to 11.4 ppg, and the hole was then drilled to final TD at 
4257 m. 
Again in this section of hole, as predicted from the density log in the shales and 
supported by drilling data, sections of this well were drilled underbalanced. 
 
8.2 UNE and AOE wells 
A review, evaluation, and interpretation of results obtained from UNO and AOI wells is 
presented in this section. 
8.2.1 Pore pressure prediction from density logs 
UNE-4 and UNE-5 
Figures 8.5 and 8.6 show the pore pressure predicted from shale density using the equivalent 
depth method for wells UNE-4 and UNE-5. In both wells, the pore pressure predicted from 
density shows a good match with the measured pore pressure down to ~800 m and 1800 m, 
respectively. This suggests that equivalent depth method, petrophysical based prediction 
methods, and seismic should work well up to 800 m and 1100 m in the respective wells. 
However, in UNE-4 well, below ~800 m the density-based equivalent depth method 
over-predicted the pore pressure. This is an indication that the shale and the sand pressures in 
these zones are not in dynamic equilibrium. The exact reason is not clear but it is possible that 
the sands are laterally drained, so measured pore pressure is less than predicted. Assuming that 
NCT for the interval is accurate, another possibility is that an unloading mechanism such as sm-
ill transformation has contributed to overpressure, in addition to disequilibrium compaction, 
causing the poor prediction from the equivalent depth method. At depths below 1800 m, the pore 
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pressure predicted from density shows a gradual transition into high overpressure, and correctly 
predicted high overpressure in the sand stringer at ~2110 m where a kick was encountered. The 
increase in overpressure and reduction in vertical effective stress between 1810 m and 2110 m, 
where pore pressure was measured, could indicate that the deeper strata have been unloaded.  
Alternatively, the deeper strata may have retained higher porosity due to disequilibrium 
compaction since they were at shallower depth, and the fact that the pore pressure predicted from 
the density log by the equivalent depth method matches the measured pore pressure gives 
support to the latter interpretation. 
The pore pressure predicted from density in UNE-5 tracks the measured pore pressures 
quite well (Figure 6.32). Kicks were picked in this well at 1706 m and 2000 m. Judging from the 
step-wise increase in the mud weight profile from about 1400 m, and the depths where kicks 
were encountered, it is apparent that high overpressure was not anticipated. For example, drilling 
progressed in the well with a mud weight lower than the actual pore pressure, and as hole 
conditions deteriorated the mud weight was adjusted in response. High overpressure begins at 
1700 m and shale pore pressure predicted from density is consistent with measured pore 
pressures within the zone. Essentially, density based prediction works quite well in this well, 
however, for verification and accuracy multiple approaches are recommended at the deeper 
intervals. 
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Figure 8.5. GR, resistivity, density, neutron porosity, and pressure–depth plot for well UNE-4.  
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Figure 8.6. GR, shale volume and pressuredepth plot for UNE-5.  
 
AOE-1 and AOE-4G1 
Figure 8.7 is the pressuredepth plot for the AOE-1 well. The density based pore pressure 
predicted in shale tracks the measured pore pressure quite well down to 1800 m. The shale 
interval at 2485–2635 m inhibits hydraulic communication between underlying and overlying 
sand intervals. The sand interval at 2650–2760 m is highly overpressured. At depths below 1800 
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m, the density-based equivalent depth method has underestimated the pore pressure, and the 
underestimation is severe at depths below 2600 m.  
The pressuredepth plot of well AOE-4G1 (Figure 8.8) shows that down to 1300 m the 
density-based equivalent depth method does a good job of predicting the pore pressure. 
However, below 1300 m the pore pressure is overestimated. Assuming the pore pressure 
predicted from density is accurate, a plausible explanation for the discrepancy between predicted 
and measured pore pressures is lateral drainage. Shale intervals at 1890–1955 m and 21802260 
m are seals preventing vertical communication between adjacent sands. 
 In general observations from well AOE-4G1 suggest that density-based pore pressure 
prediction would work quite well in the shallow intervals down to about ~1300 m, but in the 
deeper zones, other methods, modification, or multiple approaches are considered required. 
 
Figure 8.7. GR, resistivity, density, and pressuredepth plot for well AOE-1.  
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Figure 8.8. GR, resistivity, shale volume, and pressuredepth plot for well AOE-4G1.  
 
8.2.2 Indications of unloading 
Results of cross-plots presented here are used to infer whether diagenesis has occurred in these 
wells, and whether unloading due to sm-ill transformation has contributed to overpressure 
observed in the wells.  
UNE-4 and UNE-5 
The density, velocity, and resistivity logs for UNE-4 are shown in Figure 6.10. A reversal is seen 
at ~2350 m in both density and velocity, but resistivity was not logged deep enough to see the 
same interval. On the strength of this plot alone, it could be inferred that there is no unloading in 
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the interval below 2350 m because we have both density and velocity reversal so the dominant 
pressure mechanism is disequilibrium compaction. As seen in Figure 8.5, the shale seal at 
18002100 m creates pressure compartments in the well. 
In the logs for well UNE-5 (Figure 6.11), there is no apparent reversal, but at about 2350 
m all of the logs show high readings. The observed high density, velocity, and resistivity reading 
are interpreted here to be due to differences in lithology, possibly with a contribution from 
diagenesis. There is no evidence of unloading (i.e., a velocity reversal without reversal in 
density) on Figure 6.11. 
Figures 6.16 and 6.17 are the velocityVES cross-plots for UNE-4 and UNE-5; VES 
limits the maximum depth displayed on these cross-plots, because the maximum VES depths are 
2120 m and 2190 m in UNE-4 and UNE-5, respectively.  The trends are consistent with loading: 
shallow and deeper intervals have a common trend of increasing velocity with increasing VES.  
Interpretation of Figures 6.20 and 6.21, densityVES cross-plots for UNE-4 and UNE-5, 
are similar to that for the velocityVES cross-plots. The general trend is increasing density with 
depth, except for the intervals with relatively high density which is attributed to differences in 
lithology.  
 In the velocitydensity cross-plots of  Figures 6.24 and 6.25, the general trend is 
increasing velocity with density, but at depths > 2000 m there are drastic decreases in velocity in 
Vp and  decreases in density that take the data points along an illitization / unloading trend, not 
the loading trend. It appears that the shales at depths >2000 m are illitized and unloaded.  
Figures 6.28 and 6.29 are the densitysonic cross-plots for wellsUNE-4 and UNE-5. The 
plots are used to identify whether diagenesis of smectite to illite has occurred in the system, 
which requires sufficient K
+
 in the system and temperatures >65 deg C. The temperature gradient 
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calculated for UNE wells is 3.77 deg C/100m, so it is expected that smectite-to illite conversion 
will commence at ~1900 m. As seen in Figures 6.28 and 6.29 data points are moving from the 
smectite-rich trend towards the illite rich trend. 
AOE-1 & AOE-4G1 
The density, velocity, and resistivity logs for wells AOE-1 and AOE-4G1 are shown in Figures 
6.12 and 6.13. While there are no reversals apparent in well AOE-4G1, reversals can be seen at 
2500 m in well AOE-1 on all the logs, which implies that there is no unloading of the interval 
below 2500 m and the mechanism of overpressure is disequilibrium compaction.  
The velocityVES cross-plots for well AOE-1 (Figure 6.18) and well AOE-4G1 (Figure 
6.19) are strikingly different. The trend in well AOE-4G1 is clearly that of disequilibrium 
compaction, where velocity increases with VES, though the plot only has data to a maximum 
depth of 2380 m. The general trend in well AOE-1 is increasing velocity with VES increase; 
however, we see reversal that tracks the general trend and intervals of unusually high velocity. 
The high velocity intervals are interpreted here to have resulted from differences in lithology. 
Similar trends to those seen in the velocityVES cross-plots are also seen in the 
densityVES cross-plots (Figures 6.22 and 6.23). Along the same lines as for the high velocities 
in well AOE-1, the high density is attributed to differences in lithology. 
Figures 6.26 and 6.27 are the velocitydensity cross-plots for wells AOE-1 and AOE-
4G1. However, the classic indication of illitization and unloading, i.e., decreasing velocity with 
little or no change in density, is difficult to establish in these plots. In the plot for well AOE-4G1 
(Figure 6.27), at depth 2100 m we see an increasing velocity with a slight drop in density.  
 Based on the densitysonic cross-plots in Figures 6.30 and 6.31, it is apparent that below 
2250 m depth the system is illite-rich, i.e., there has been diagenetic conversion of smectite-to-
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illite.  The temperature gradient calculated for AOE wells is 3.56 deg C/100 m. Assuming sm-ill 
conversion in under way at 70 deg C, it implies that sm-ill transformation should begin at 2000 
m depth. 
 
8.2.3 UBD prediction 
Two wells, UNE-5 and AOE-4G1, noted with UBD are presented in this subsection. 
UNE-5 
Figure 6.34 shows UBD in UNE-5 between 2176 m and 2922 m MD, with kicks picked in sand 
stringers at 2593 m and 2938 m MD. The main drilling and mudlog indications of UBD are the 
FG, BG, and PCG; because of the poor quality, the caliper log is used as a secondary indicator. It 
is instructive to note that in Figure 7.19, BG increased step-wise with each PC and had doubled 
by the end of the section; the caliper reading at the base also shows severe washout. The BG 
trend, CG and washout interval are all strong indicators of UBD. A similar trend is seen drilling 
through the long shale section (Figures 7.2022) with recorded BG as high as 26.3% at ~2418 m 
MD. The kicks picked in the sand stringers at 2593 m and 2938 m MD clearly show that the 
surrounding shales and sand stringers are not in dynamic equilibrium. 
AOE-4G1 
Figure 6.35 is the pressuredepth plot for well AOE-4G1 and shows that zones between 750 m 
and 1300 m were drilled UBD. The gas signatures and, to a lesser extent, hole washout were the 
main indicators of UBD in this well. As indicated on Figure 7.15, at ~2150 m MD, hole pack off, 
trip gas up to 12%, FG increases with each pipe connection, and trip gas up to 12% were 
reported. Also, caliper reading increases in the 12-1/4” hole. All of these observations taken 
together are hallmarks of UBD. The over-gauged hole suggests more rock is entering the hole 
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than normally, and this may be due to the mud weight not being able to counterbalance the 
formation pressure. If appropriate intervention is not implemented, the potential for hole pack-off 
becomes high, and this is exactly what happened in this section of hole. Similar gas and hole 
washout expression to that seen in Figure 7.15 is also seen in Figure 7.18. Here, after the pipe 
connection at 2734 m MD, CG increased progressively from 2.12% to 3.17% with successive 
pipe connections. 
 
8.3 Conclusions and future work  
In this section, the main findings of the study are discussed in relation to each of the original 
objectives stated at the beginning of the chapter. 
8.3.1Estimation of pore pressure using density log by the equivalent depth method 
The effectiveness of the density log (equivalent depth method), and by extension seismic-based 
methods, for pore pressure prediction in shale has been demonstrated in this study with the 
pressuredepth plots. Although, seismic velocity data relate more directly to velocity log, there 
are transforms for converting density to velocity, and vice-versa; in addition, velocity data can be 
used with equivalent depth method. In general, this approach is quite effective and predicts pore 
pressure accurately anywhere between 600 m – 1200 m TVDml. Below these depths, the pore 
pressure is either under or overpredicted in some of the wells, and this is especially obvious 
when predicted pore pressures are compared with measured pore pressures on the pressuredepth 
plots. 
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8.3.2 Identification of smectite-to-illite transformation as a contributory mechanism to 
overpressure 
Based on evidence from density, velocity, and resistivity logs; in addition to cross-plots 
presented in chapters 5 and 6, the following inferences can be made about overpressure 
generation mechanisms. 
1. The main mechanism of overpressure in the shallow section is disequilibrium 
compaction. The shallow sections are where temperatures are < 65°C. 
2. Water released from sm-ill conversion must contribute to observed overpressures in beds 
where the transformation is taking place, because overpressure is a transient 
phenomenon. The best available evidence for sm-ill transformation is on cross-plots of 
density against sonic transit time. Where sm-ill transformation has been responsible for 
reducing the vertical effective stress, a reversal on the sonic log may be observed without 
any reversal on the density log. 
3. Deep intervals correlates to zones with temperature value of 70°C or higher. Also, shale 
intervals serve as permeability barriers preventing hydraulic communication between 
sand intervals and hence creating pressure compartments.  
8.3.3 Identification of UBD from pressure–depth plots with supporting evidence from drilling 
and mudlog data. 
Comparison of zones identified with UBD on pressuredepth plots with mudlog and drilling data 
shows that: 
1. Gas (i.e. CG, BG, and TG) increases within zones of UBD. 
2. UBD zones generally show greater hole washout on caliper log. 
3. Torque generally increases while drilling through zones with UBD. 
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4. When available, Dxc has been useful for predicting overpressure/undercompaction and 
hence, depending on mud weight, possible UBD. 
8.3.4 Future work 
Additional and follow-up work on this study will shed more light in understanding of pressure 
distribution and safe drilling operation in the deepwater Niger Delta area. The list below contains 
suggested topics for further investigation: 
1. Mineralogy, elemental (i.e., potassium and iron), and TOC analysis of shales intervals in 
the deep and shallow section of wells. This can be broadly divided into zones with 
temperature < 70 degrees C and zones with temperature >75 degrees C. 
2. Specifically, zones identified as potential seals should be analysed for calcite, quartz 
content and porosity/permeability. This will help to discern the dominant cause of sealing 
(i.e., very low porosity/permeability, calcite/quartz cement and/or combination). 
3. Wells with complete sets of logs (i.e., density, velocity, and resistivity) and with 
minimum log depth of 2800 m TVDml or more should be analysed. Since the majority of 
the logs used in this study terminated shallower than 2800 m; this will provide an 
opportunity to evaluate reasons for the drastic MW increase observed in some of the 
wells especially at deeper intervals. 
4. Regional structural, stratigraphic and overpressure mapping studies to determine the 
nature of plumbing in the reservoir, i.e., charging and lateral transfer. 
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